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APPARATUS FOR THE STUDY OF REDOX POTENTIAL IN 
BIOLOGICAL SYSTEMS* 

By J PERCY BAUMBERGER 

{Prom the Physiology Department of Stanford University, and the Colhs P 
Huntington Memorial Hospital, Harvard University, Boston) 

(Accepted for publication, May 2S, 1933) 

The four pieces of apparatus' descnbed m this paper have been 
used in several investigations on biological oxidation reduction sys- 
tems Other apparatus for similar purposes have been described by 
Ahlgren (5), Lehmann (4), Clark (1), Michaelis (2), Borsook and 
Schott (3), and Baumberger, Jiirgensen, and Bardwell (7) 

1 The Modified Thunberg Tube — ^Ahlgren (S) has descnbed m 
detail the use of the Thunberg tube in the study of the reduction of 
dyes by biological systems The apparatus shown m Fig 1 has the 
advantage that it is cheaper, has no ground glass stopper to be greased 
and thus involves no speaal difficulty m deamng, and wnll hold a 
vacuum suitable for the development of extremely low redox potentials 
such as the complete reduction of rosmdulme The experimental 
procedure with this tube is to mtroduce the substrate, buffer, and dye 
and finally the enzyme, then to apply de Khotmsky cement to the 
pyrex xacuum tube at point DeK, warm the tip of the soft glass 
adapter b, and mtroduce it rato the cement so that it nses in the inter- 
stices between b and the neck Cool the cement, attach b to water 
pump, and evacuate to boihng for a mmute It is essential to keep 
the tube warmer than the tap water and to wet the walls with the 
contents, as thereby the oxygen is more readily displaced Heat b 
at the constnction while still evacuatmg and finally seal off the at 
tached lower half of b and anneal -with care (The introduction 

• This work was supported m part by a grant from the Rockefeller Fluid 
Research Fund of the Medical School of Stanford Umversity and by a grant from 
the De Lamar Fund of Harvard Medical School 

' This apparatus was skillfully made by Macalaster Bicknell Co , Cambridge 
Massachusetts 
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of glass capillaries through b should be avoided, as scratching of the 
inner surface invanably follows and leads to cracking while heating ) 
After observing reduction time, or final color if a multiple dye system 
has been used, the de Khotmsky cement may be heated, the tip pulled 
off, and the tube washed The remaming cement can be repeatedly 
used or removed with alcohol 

2 The Modified Borsook and Schoit Tube — Borsook and Schott (3) 
describe a vacuum electrode tube which can rock m a vertical position 
m such a way as to be m contact with a reference half-cell through a 
capillary tube (o. Fig 2) filled with KCl agar-agar which will stand an 
atmosphere of pressure A battery of such tubes may be made to 
rock with the salt bridge capillaries dipping m a large dish of KCl to 
which a calomel half-cell is connected The changing oxidation- 
reduction potential of a system consisting of substrate, enzyme, and dye 
may be followed convemently by measuring the pd between the 
two half-cells When the p d no longer changes with time, equilib- 
rium has been reached and the redox potential observed is a function 
of the free energy of the system Borsook and Schott’s tube has been 
modified by substitutmg the evacuation seahng system for ground 
glass stoppers as m (1) by addmg a boot, b, at the tip so that satisfac- 
tory circulation of the contents may be obtamed, which is particularly 
advantageous m work with shces of tissue, and by mtroducmg the 
platmum electrode, Ft, mto the boot instead of havmg it borne by the 
glass stopper where it would be exposed to breakage and con- 
tamination 

3 Rcductwn Bnretle — The usual apparatus (Clark (1)) for the 
reduction and transfer of reduced dyes is very intricate, expensive, 
fragile, and immobile The reduction burette here described is much 
less so m each of the four respects mentioned and is adequate for its 
purpose It (Fig 3) consists of a 25 cc burette surmounted by a 200 
cc bulb from vhich it is separated by a perforated glass plate, P A 
special stop-cock, 5, at the top of the burette and a ground glass stopper 
at the top of the bulb complete the reduction burette In operation 
the dye solution and v et- platinized asbestos are mtroduced mto the 
bulb, the ground-m stopper is fastened m with a rubber band, the 

- There is danger of Mplosion when dr> platinized asbestos is introduced from 
air into a hi drogen atmosphere 
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burette inverted, and the dissolved oxygen removed by water vacuum 
pump through side stop cock 5, which at the same time is connected 



i i 2 3 4 i 
Scale in centimeters 

Fig 1 




Fig 2 


Fig 1 In all the text figures the scale is the same as that given m this figure 


by means of a F tube to a Kendall (6) furnace through which oxygen 
free hydrogen and nitrogen can be obtained When the solution 1ms 
boiled, the burette is allowed to fill with hydrogen, ^the stop-cock^is 
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closed, and the burette is detached from the vacuum pump With 
the burette still inverted, the flmd is gently rotated to bnng it mto 
contact with the suspended platmized asbestos When the dye is 
fully reduced, the reduction burette is again attached to the V tube 
through 5, the hydrogen is removed by evacuation, the burette is 
filled with pure nitrogen and evacuated a second tune, and then finally 
filled with nitrogen The next step is to slowly turn the burette nght- 
side up and to allow the asbestos to settle on the glass filter Create 
a vacuum up to the side stop-cock, open this stop cock for an mstant 
so that the gas pressure in the burette will become less than in the bulb, 
and the fluid will be driven down mto the burette When the burette 
is filled and the bulb dry, raise the nitrogen pressure to about 1 20 
atmospheres so that the superpressure will expel the contents of the 
burette as needed 

The same form of burette is convenient for handhng oxidized dyes 
from which dissolved oxygen may be removed by vacuum and the dye 
put under nitrogen pressure 

4 Vacuum Oxtdalton Reduction Cell — The cell shown in Fig 4 
IS suitable for the study of the oxidation reduction processes described 
under (2) above, but it has special features which adapt it particularly 
to the study of these processes in cell suspensions and m the flmd sur- 
roundmg shces of tissue This cell has the features of vacuum seal, 
boot, and platinum electrode mentioned m (1) and (2), and m addition 
contams a glass electrode as reference half cell The cell has the 
advantage that it does away with the salt bndge and thus removes the 
contact potential error resultmg from long contact of a salt bndge with 
a physiological solution Progressive pH changes, resulting from cell 
metabolism, are cancelled out m those systems m which the redox 
potential is affected by pH m the same degree as the hydrogen elec 
trode Any changes m ionic strength or in temperature are effective 
on both halt cells and thus such changes tend to cancel out rather than 
to augment potential differences The potential difference due to 
changes in the redox potential on the platmum electrode is thus made 
the chief vanable The actual pH of the solution may be determined 
before and after the experiment by connectmg the solution to a calomel 
half cell by a salt bridge introduced through a, and measurmg the 
p D between the glass electrode and the calomel half cell If the 
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particular glass electrode gives a p d of 0 100 in a buffer of pH 3 97 
at 30° C and a p d of 0 160 in the unknown, the pH of the unknown 
will be 0 160—0 100/0 060 + 3 97 = 4 97 Perfect glass electrodes 
behave in this manner, within certain pH limits (Dole (9)), if no 
“deviation film” effects are present (Kahler and DeEds (8)) “De- 
viation film” effects are avoided by supporting the thin bulb of Corning 

0 015 glass by a double walled tube of soft glass blown so as to fit a 
ground glass joint at the top The air jacket (/) thus formed limits 
the effective contact of the outside solution to the bulb itself The 
glass electrode bulb g contains KH phthalate buffer to which quin- 
hydrone has been added m excess, a platinum electrode sealed mto a 
glass tube projects mto this solution 

The p D ’s between the glass electrode and the platmum electrode 
are measured by means of a thermionic electrometer designed by 
R K Skow m my Laboratory Any form of electrometer suitable for 
determinations with the glass electrode may be used with the vacuum 
oxidation-reduction cell 
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CRITICAL FREQUENCY OF FLICKER AS A FUNCTION OF 
INTENSITY OF ILLUMINATION FOR THE EYE 
OF THE BEE 

Bs ERNST WOLF 

{From llie Laboratory of General Physiology^ Harvard University, Cambridge) 
(Accepted for publication, May 26, 1933) 

1 

The use of the reacbon of the honey bee to a moving stnpe system 
for testing visual acuity and intensity discrimination has been de 
senbed m detail in previous papers (Hecht and Wolf, 1928-29, Wolf, 
1932-33 a, i, Wolf and Crozier, 1932-33) The motion of the stnped 
pattern under the experimental conditions was always such that a 
sudden but not too rapid lateral displacement was made, to which the 
bee reacted by moving from its straight course of progression with a 
sharp turn agamst the direction in which the pattern was moved For 
different visual acuities, threshold intensities were determined for 
this response, and in the case of mtensity discnmination the minimal 
difference in bnghtness of altematmg stripes was found at which the 
bee reacts by the characteristic reflex 

In previous experimental tests the speed of translocation of the 
pattern in front of the bee s eye was kept so small that no fusion of the 
alternate stimuh could take place Experiments concerning the 
flicker phenomenon in the facetted eye of an arthropod have thus far 
been made only with larvae of the dragon fly {Aeschm cyanea, Salzle, 
1932) As mdex of this ammal’s reaction to flicker there was used a 
reflex, the throwing forward of the labium toward a moving object, 
which occurs as long as the speed of repeated flashes of hght is below 
the cntical frequency for fusion of the sensory effects Havmg thus 
only one source of information about the number of smgle impressions 
which can be perceived separately by an insect’s eye^ as a function of 
fllununahon, the cntical fusion frequency of mtermittent stimulation 
by hght was studied m the honey bee Using the bee’s reaction to 

7 
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mo\Tng patterns we have a means of more direct approach for test as 
compared vath the "catch” reaction in the dragon-fly, and a certain 
body of precise information is already available concerning the relation- 
ship between visual acuity and illumination for this eye 

Bees are positively phototropic and negatively geotropic, they tend 
to creep upward upon a transparent mchned surface which is illumi- 
nated from underneath If a visible pattern be moved below the 
creeping plane, we obtain a typical response to the displacement of 
the pattern, as described The bee’s response to a moving stnpe 
system, hov ever, can be obtained if the system is not shifted while the 
bee begins its journey up the mchned surface, and even while the 
pattern is in contmuous motion in one direction of constant speed 
The bee’s path then involves a contmuous creeping against the mov- 
ing stripes, from the lower edge of the field to one of the sides of the 
compartment, at a fairly low angle of slope In case the bee enters 
the field from the side against which the stripes are moving, it runs 
straight across the field to the other side of the compartment without 
shoving any tendency to creep upward, if entering from the opposite 
side, t e moving m the direction of the moving pattern, it takes a 
sharp turn of almost 180° and crawls quickly out of the field, up the 
vails of the chamber, contmuing to walk hangmg from the cover of 
the compartment until it again enters the field from below or from the 
other side, then shovnng the same reaction once more At very high 
speeds of motion of the pattern, hovever, it quite often happens that 
the bee apparently unable to move against the stripes, “swims” so 
to speak vath the stream vath excessively rapid movements of the 
legs In spite of a certain variation in the behavior of different mdi- 
\ iduals, the cntical intensity of hght and frequency of flicker at which 
the bee shov s the first definite reaction to the moving pattern under 
\ ar\ang expcnmental conditions can be determined rather accurately 
This reaction of the bee vas emploj^ed in the following way For 
pattern plate a round mud-ground glass plate, 50 cm in diameter, was 
u‘:cd On the ground surface, vhich is the upper side of the disc, 20 
sectors of opaque black paper are glued, m such a wa}'- that there is 
m-’de a sector vhecl vath 20 black and 20 translucent sectors of the 
same cize The breadth of each sector on the central side of the disc 
i-- so chosen that the Msual angle sustained by it is great enough so 
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that the sectors passing underneath the creeping plane can be reacted 
to at the lowest intensities used during the test (Fig 1) With a 
sector wheel, for which the angular speed is the same at any distance 
along the radius, the flicker frequency for the bee is the same regardless 
of its position nearer to the center of the disc or to the penphery The 
penpheral part of the ground glass disc which is m the field of vision of 
the bee is illuimnated by hght reflected from a mirror underneath, 



Fig 1 Diagram of apparatus for measuring critical frequencies of flicker at 
different light intensities 


which gives an even illumination of the bee’s visual field (Fig 1) 
The source of light is a 1000 watt concentrated filament lamp which 
can be placed m three different positions on an optical bench The 
positions are IS cm , SS cm , and 175 cm from a diffusmg screen m 
the w all of the dark room containing the apparatus The amount of 
light admitted mto the dark room is controlled by an accurately 
cahbrated diaphragm for each position of the source The intensities 
available on the upper surface of the ground glass wheel are measured 
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by means of a Macbeth illuminometer The mtensity values obtamed 
for the different settings of the diaphragm and positions of the hght 
source are plotted against the scale readings of the diaphragm Thus 
three smooth cahbration curves are obtamed From these there could 
be read with sufficient accuracy the threshold mtensities at which the 
bees ]ust give the first noticeable response to the motion of the stripes 
at given velocities of rotation of the disc 
The ground glass plate is mounted on an axle running m bah. bearings 
and rotated smoothly by a u c motor of which the speed is controlled 
by a rheostat and transmitted by a system of reduction gears to the 
disc By using pulleys of different diameters for transmission, and 
by adjustment of the rheostat, the velocity of rotation could be so 
vaned that almost any speed was obtained, providmg flicker frequen- 
cies between 2 and 70 per second This range proved to be wide 
enough for study of the critical frequency of flicker over a range of 
intensities of 4 loganthimc units 

Dunng test a bee, after the wings have been chpped, is put into the 
compartment, above the rotating disc The speed of rotation is 
adjusted for a certain value, measured with a stop-watch, and kept 
constant The vanation m speed is neghgible, as repeated stop- 
watch readings before, dunng, and after the test showed The bee 
then creeps over the illuminated field and reacts m the typical manner 
to the sectors passing by, provided the light mtensity is high enough 
By opening or closing the diaphragm the mtensity is found at which 
the bee just begins to show a reaction to the motion of the visual field 
For this threshold response at a given flicker frequency the associated 
threshold intensity is measured This test is repeated 10 times for 
each gnen flicker frequency, with 10 different bees, to give a mean 
lalue represented as one point on the curve lUustratmg the relation 
between flicker frequency and illumination (Fig 2) It has been 
show n preinously that on account of the uniformity of the members of 
a colon} of bees it is justifiable to take bees for single tests only once, 
instead of repeatedly (Wolf, 1932-33 c, b) 

II 

Flicker frequencies were chosen from 2 4 to 52 6 flickers per second, 
IS selected frequencies covering this range Some tests were made at 
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higher frequencies, up to 68 per second, but responses of the bees 
could not be obtained At a flicker frequency of 55 3 per second 3 
bees gave uncertain reactions at the highest intensity of bght available 
Many other bees which were tested did not react at all It seems 
therefore fairly certain that the minimum mterval for intermittent 
stimulation, such that the stimuli can be reacted to separately, is at a 
frequency of about 55 per second This value compares nicely with 


TABLE 1 


Critical Intensity oj Illumination for Threshold Response in the Bee as Function of 
Frequency of Flicker 


Frequency of flicker 
per sec 


r-E, 

2 4 

mtntlamherU 

0 oil 

d=0 0018 

3 1 

0 019 

0 0019 

4 0 

0 033 

0 0018 

(3 0 

0 064 

0 0040 

8 0 

0 111 

0 0056 

10 6 

0 in 

0 0043 

13 3 

0 256 

0 0161 

17 2 

0 546 

0 0419 

21 7 

0 706 

0 0306 

23 8 

0 761 

0 0902 

27 0 

0 915 

0 0634 

31 7 

I 270 

0 0699 

35 7 

1 281 

0 0837 

38 4 

1 633 

0 0600 

42 5 

2 956 

0 0633 

47 6 

7 474 

0 587 

50 0 

11 85 

0 711 

52 6 

57 66 

3 682 


the findmgs for the dragon fly (Salzle, 1932), the maximum value 
found there was 59 7 per second 

The data tor cntical flicker frequency at different mtensities be- 
tween 1/100 and 100 milhlamberts are presented m Table I The 
values for threshold mtensities are mean values for the number of bees 
tested m each case (» = 10), with the probable errors of the threshold 
intensities 
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The data^^show that at low flicker frequency the intensity for the 
threshold response is small As the flicker frequency is mcreased, 
the mtensity has to be mcreased, at first more rapidly and then only 



Fig 2 Relation between cntical flicker frequencj' and illumination Smgle 
readings from 180 bees at 18 different flicker frequencies The pomts represent 
a\ crages of 10 tests 


slightK, with relatuely great increase of frequency, until finally at 
\ cr> high flicker frequencies the increase in mtensity is again greater 
The data are plotted in Fig 2, where the flicker frequency is plotted 
against the loganthm of intensity Fig 2 shows that the points 
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representing the mean values fall on a smooth S shaped curve This 
curve has great similarity to the ones given by Salzle (1932) for the 
dragon fly, and to the visual acuity curve for the bee (Hecht and 
Wolf, 1928-29, Wolf, 1932-33 b) 

In comparing the flicker curve for the bee with the visual acuity 
curve It IS significant that the threshold for visibility m the visual 
acuity tests and the lowest intensity at which the bee reacts to a very 
low flicker frequency are identical By usmg still lower frequenaes 
for flicker, and decreasmg the intensity correspondmgly, no reaction 
of the bee is obtained The bee starts to react as soon as the mtensity 
IS above 0 007 mdhlamberts with flash frequency above 2 4 per second 
At a speed of less than 2 4 sectors per second passmg in front of the 
bee’s eye, no reaction could be obtamed even at higher intensibes 
While the bee is movmg freely m the compartment the slow motion of 
the sectors is negligible compared with the bee’s own velocity of 
progression, so that no reaction takes place We thus have to assume 
that at least two changes from hght to dark have to take place to cause 
the reaction of a bee which is permitted to move freely 

With higher flicker frequencies the threshold intensity for response 
increases In compaimg the flicker curve with the visual acuity curve 
It can be shown that the mcrease is in the two cases idenbcal The 
mflection point of the flicker curve occurs at an mtensity of about 1 
milhlambert, which is found also for the visual acmty curve (Hecht 
and Wolf, 1928-29, Wolf, 1932-33 b) At higher flicker frequencies, 
above the inflection point, the intensity has to be increased more 
rapidly per umt mcrease in flicker frequency to cause the bee to react, 
until at a frequency of about 54 flickers per second the curve readies 
a maximum level and flattens out, the intensity for the response bemg 
very high This intensity corresponds fairly well to the highest 
mtensity for visual acuity tests at which the bee’s eye reaches the 
maximal resolvmg power 

For further comparison of the flicker curve with the visual acuity 
curve the following considerations are of importance It has been 
assumed for the human eye (Hecht, 1927—28) and the bee’s eye (Hecht 
and Wolf, 1928-29) that the mosaic of retinal elements, or m case of 
the facetted eye the ommabdia, have different thresholds The 
mcrease m resolvmg power of an eye at higher mtensibes can thus be 



■ <~i Kr-'Ti J^SEQTTEIsCY AKD ILLUMLNAHOK 


erDlEined bj* the aismpiion tbat -vvith increaang intensity' more and 
more elements are activdj fonctioning The elements rdth druerent 
tbresbolcs bdng distribnied over tiie eve at random, rath higher 
inlensties it is to he Essnmed that elements rrith the same threshold 
be doser together and provide therehv a higher visual acuit}'. 

In sp-d^-ing the relations hetrreen threshold m t ensi ties and critical 
moher treqnendes the same threshold relations for the different 
ommati'ii a must plav a part during response. At lorr intenrities, tvhile 
onlj* fev elements are functional and thus verj* much trider apart from 
each ether than at higher intenrities ~hen others come into pla 3 g 
hees can react onlv to a riov nicker frequenct', giving the reacting 
elements far apart time enough to he stimulated over a certain period 
to came a photochemical effect durmg stimnlaPon and to come back 
:o the original threshold condiPon during the period of darkness If 
at a lov intenrit}- the fficker frequency is made greater, the time of 
exposure to Lght for the elements rvith a lov threshold and the corre- 
spendng period m dark vould he smaller than necessaxj* for causing 
aiequEte photochemical effect in the retinal element or for proridmg 
enough tune to build up in darkness enough nev photosensitive 
material necessaio- for reaction to the next flash of hght. This means 
that the elements come to a starionarj* condition where hght and dark 
reacriens ceme to an equllihrium without setting off an}’' impulses 
curmg ulcmination ilHechp 1922-23 1931, Hecht and Wolf, 1931-32, 

c.i-U 
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shorter, the photosensitive material is replemshed probably by a 
reaction of second order following the mass law Thus for elements 
of higher and higher threshold the penodm the dark needs to be shorter 
to bnng them back to their onginal condition of excitabihty Conse- 
quently the bee can react to higher frequencies of flicker at higher 
mtensities If, however, the flicker frequency is increased still further, 
which gives each element agam shorter tunes of exposure and shorter 
penods for recovery, we agam And the elements in a stationary state 
dunng which hght and dark reactions come to an eqmhbnum not 
affected by any one flash of hght because the photosensitive material 
IS below threshold concentration, nor replemshing dunng the dark 
penod any considerable amount of photosensitive material, because 
the hght reaction does not really get started, and consequently does 
not cause any reaction m the opposite sense Under these conditions 
the flickermg visual field for the bee has the effect of a stationary one 
uniformly lUimunated, and no reaction to the rapidly movmg sectors 
is obtained 


m 

The vanabihty of the determination of the threshold intensities at 
which the bee begins to react to different flicker frequencies is of 
particular interest In previous tests on mtensity discnmmation of 
the bee in relation to visual acuity (Wolf, 1932-33 o, b, Wolf and Cro- 
zier, 1932-33) it was shown that the vanalton of the increase m hght 
mtensity is a function of the width of the stnpes and of the lUuimna 
tion The analysis of the data indicated that the amount of variation 
depends in part upon the frequency of alternate stimulation of the 
ommatidia of the bee’s eye 

In testmg the bee’s reaction to different flicker frequenaes at 
different illuminations, a study of the variation of threshold intensity 
necessary to give threshold response gives further support to the 
assumption that the vanation depends on the frequency of transition 
of the retinal elements from one state of exatation to the other 

For the threshold mtensities which just ehcit the first response of 
the bee, the probable errors were computed accordmg to Peter’s 
formula (Table I) With mcreasmg flicker frequency from 2 4 to 
52 5 per second, the probable error increases over a thousand times 
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The logarithm of P E / is plotted agamst flicker frequenc}- m Fig 3 
The pomts for P E j at different flicker frequenaes fall on an inverse 
S-shaped cun'e compared vnth the flicker cur\-e given m Fig 2 Log 
P E j for threshold intensitA- mcreases smoothl}- for flicker frequencies 
between 2 4 and 25 per second For frequenaes between 25 and 42 
per second PE/ keeps more or less on an even level and rises more 
rapidly than for the lower part of the curce for frequenaes above 45 
Comparing the respective pomts for different flicker frequenaes in 



Fic S ReEt-on between the lognntiiin of tbe probable error of threshold 
in cns / nra n.CAC-:~eGeenc\ 

r gs 2 ara 5 it is apparent that in the lower part of the curve m Fig 
2 for a relatively small mcrease m nicker frequenci* the maease in 
i" ter say has to be rather great for causmg threshold response in 
r g 5 over the same range of nicker frequenaes P.E j inaeases 
srrootrly Tne imccie part of the nicker carv'e (Fig 21 is steep which 
r'ca*'s trat o\ er a r Jati\ ely wide range of m creasing nicker frequence* 
ire mcrease m miers ty reeas to be only shght. For the correspond- 
"g ■' recucrc-es m Fig 3 log PE / increases onl\* vein- httle 
,'h„cr cc~espo''cs to the small increase in intensity' over the steep 




ERNST WOLF 


17 


part in Fig 2 The flicker curve above the inflection point tends to 
flatten out rather rapidly, with increasing flicker frequency, ■which 
means m terms of mtensity that its increase has to be rather great 
for a small increase m flicker frequency to cause the bee to react The 
corresponding part for flicker frequencies in Fig 3 shows that P E 7 
increases steeply up to the highest frequency at which the bee was 
found to give a defimte reaction 

This vanation of threshold intensity in relation to flicker frequency 
can be interpreted •with the help of our previous findings (Wolf, 1932- 
33 a, Wolf and Crozier, 1932-33) At low intensities and the corres 
ponding low flicker frequencies, where only few elements are concerned 
— for the others the mtensity is below threshold — the occurrence of 
alternate stimulation of the functional elements is small As the 
mtensity mcreases and more elements come into play the cntical 
flicker frequency mcreases and 'with it the occurrence of alternate 
stimulation of elements, for which reason we have to expect an increase 
in the vanation of the threshold mtensity (c/ Wolf and Crozier, 1932- 
33), up to the pomt where for relahvely small mcrease m flicker fre 
quency the intensity mcrease had to be great For the range over 
which increase m flicker frequency is high but mcrease m mtensity 
small — which means that only for few additional elements the thresh 
old IS reached and consequently the increase m alternate stimulation 
is only shght — P E j stays almost at an even level For any further 
mcrease m flicker frequency the mtensity has to be raised more 
rapidly agam New senes of elements come into function by which 
the frequency for alternated stimulation for neighbor elements is 
gro-wmg and with it the probable error for measured mtensity for 
threshold response This agrees in a very stnkmg way -with the 
analysis previously given (Wolf and Crozier, 1932-33) upon the 
basis that the vanation of the measured mtensity tor threshold 
response depends upon the intensity of the excitation induced, and 
that m this mtensity there are two distmct elements, namely, the 
mtensity of illumination and the frequency of exposure 

In Fig 4 the data on vanation are presented m still another way 
The graph shows that the P E for threshold mtensity is a power 
function of the mtensity {cf Wolf, 1932—33 d) This relationship will 
be understood readily by remembenng that any mcrease in lUumina 
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tion (A7) calls for addition of elements to the set of functioning ones 
already concerned at that particular intensity As more elements 
are involved, the chance of alternate stimulation of neighbor elements 
increases, and with that PE/ has to increase according to our previous 
considerations Fig 4 thus gives an illustiation of the dependence of 



Log I—millilambeDts 


1 1 ( 4 Rchtion between the lognnlbm of llic probable error of lliresbolcl 

inten';it\ 1 and light intensita at which a response of the bee is obtained 

the Nanation of the threshold intensity upon the flicker frequency 
from a different point of view than is concerned in Fig 3 

SUltnURY 

Tlic bee s characteristic response to a movement of its visual field is 
u^cd for the stud\ of the relation between critical frequency of flicker 
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and illumination The cntical flicker frequency vanes with lUununa 
tion m such a way that with mcrcasmg flicker frequency the intensity 
of illumination must be increased to produce a threshold response m 
the bee 

The illuminations requured to give a response m a bee at different 
flicker frequencies dosely correspond to the intensities for threshold 
response m visual acuity tests This is due to the different thresholds 
of excitabihty of the elements of the ommatidial mosaic 
An analysis of the vanation of the values for threshold mtensities 
at the several flicker frequencies shows that the vanation depends 
upon flicker frequency and upon the number of elements functioning 
at different intensities 
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It has long been stated that proteins are much less readily dena- 
tured by heat when dned than when moist This fact has given rise 
to the hypothesis (Chick and Martin, 1910) that denaturation is 
essentially a reaction between protem and water It has also been 
used to explain the relative meffectiveness for sterilization of dry as 
compared to moist heat (Rahn, 1932) 

However, httle experimental work has been earned out upon this 
mterestmg phenomenon, due no doubt to the difficulty of satisfac- 
torily samphng a dry material at successive tune mtervals Lewith 
(1890), at the suggestion of Hofmeister, powdered salt- and globuhn- 
free egg albumm, dried it m a vacuum to vanous degrees of dryness, 
and, after seahng small samples m thm walled glass tubes, tested 
the effect of heatmg He found that the “coagulation temperature” 
mcreased markedly with decreasmg water content, being S6°C in 
solution, 80-90°C for protem contaiiung 18 per cent water, and 160- 
170°C for completely dry protein Chick and Martin (1910) con- 
tributed the further mformation that when crystalhzable egg albu 
mm is heated m an air bath at 120°C , it remains completely soluble 
after S hours At 130°C it is slowly changed, so that after 4 hours 
22 per cent is rendered insoluble in water Hemoglobm behaves 
similarly 

We have repeated and extended the work of Lewith, m parbcular 
by relatmg the denaturation temperature to the relative humidity 
of water vapor with which the protem is in equihbrium rather than 
to its absolute water content There are three advantages m this 

1 It IS in general experimentally more convenient to bnng a dry 
21 
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protein or other material mto equihbrium with a definite partial 
pressure of water vapor than to obtain a uniform sample of definite 
water content 

2 WTiether or not the process of denaturation is assumed to be 
essentially a reaction between protem and water, it is obviously desir- 
able to have a measure of water concentration or activity The rela- 
tive humidity (^//>,) is the most suitable quantity for this purpose 

3 The results are m a form which may be directly compared with 
analogous experiments on the death rate of hvmg organisms in at- 
mospheres of various relative hurmdities It is, of course, in general 
impossible to determine the actual quantity of water taken up by 
microorganisms 

In addition, however, we have detemuned the actual water content 
of the heated and unheated egg alburmn corresponding to each value 
of the relative humidity, so that it is also possible to relate the dena- 
turation temperature directly to that quantity The necessary ex- 
perimental data are given in the last section of this paper 

Technique 

The technique emplo)'ed was similar to that used by Lewith Dry, crystalhz- 
able egg albumin was prepared by drj'mg salt-free solutions over PjOs m an elec- 
tric refrigerator The resulting matenal is white, readily soluble in distilled 
water except for a trace ( < 2 per cent), and is capable of bemg recrystallized from 
(NH4) SOi solution Samples of this dry protem were placed m desiccators at 
room temperature o\er saturated salt solutions givmg a wide range of relative 
humidities 

'\^^^en the protem had come mto equihbnum (as detemuned by constancy of 
weight) witli water ^'apor at each relative humidity, three or four samples from 
each desiccator w ere placed m small tubes, sealed, and blown mto a small bulb at 
one end These tubes were made of 0 3 cm thm walled glass tubmg and were 
ongmall} about 3 75 cm long and of 0 25 cc mternal volume The sample placed 
m each tube w eighed from 5 to 10 mg The open tubes were replaced m the desic- 
cators from which the respecti\e samples had been withdrawn and were left there 
for SCI cral da\ s in order to msure continued equihbnum betw een protem and water 
\-apor from the saturated salt solutions Fmallj , the tubes were quickly sealed at 
such a distance as not to affect the egg albumm The glass immediately m con- 
tact with the protem ne\ er became so warm that it could not comfortably be held 
Samples were repeated!} tested and found to possess the same solubilitv as the 
onginal matenal 

The tubes of nati\e egg albumm m equihbnum with atmospheres of various 
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relative humidities (J>/p ) so obtained were heated in an air thermostat at several 
tempera tures to determine the range for each relative humidit> mwhich theprotein 
neither became completely insoluble nor remamed entirely soluble m a definite 
time mterval Solubihty was detemuned by observmg the behavior of particles 
of the protein in a drop of distilled water on a microscope sbde Because of the 
extremely high temperature coefficient of dcnaturation the range can be easilj 
determmed to withm less than 10°C The centers of the ranges determmed for 
the various relative humidities are taken to correspond approximately to tem 
peratures of equal denaturabon velocity 

EXPERIMENTAL REStILTS 

Tables I and II give the experimental data corresponding to heat- 
ing times of 10 mmutes and 60 imnutes, respectively 

The data are summarized m Table HI and presented graphically 
in Fig 1 

It vnll he observed from Fig 1 that the temperature of denatura 
tion IS very closely a linear function of the relabve huimdity 
The pomts referrmg to p/p, = 0 per cent and a heating tune of 60 
imnutes, and to p/p, = 20 per cent for both heating times fall furthest 
from the straight line The latter deviation is undoubtedly due to 
the fact that the potassium acetate solution had not remamed satu 
rated, and therefore the humidity must have been too high This 
fact also explains the apparent high value for the sorption of water at 
this relative humidity (see below) The former deviation (at p/p, 
= 0 per cent) cannot be explained in this manner Accordmg to the 
statement of Wichmann, thoroughly dry egg albuimn remains soluble 
alter heating at ISO’C for several hours In our experiments, how- 
ever, we could never obtain soluble protein at so high a temperature 
even after 1 hour Several months after the mam senes of expen 
ments was earned out, we repeated the tests at p/p, = 0 per cent 
with egg albuimn samples which were dried -with spenal care over 
PjOs The temperature of denaturation was essentially the same as 
that previously found 

DISCUSSION 

The experimental relation between relative humidity and the tem 
perature of denaturation may be reduced to a more easily compre 
hensible form by assummg that the Arrhenius equation 

Q 

In A ■» + constant 
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TABLE I 


Dependence of Temperature of Denaluraiion upon Relative Humidity Time of 

Heating = 10 Minutes 


Initially in equilibrium with 

P/P. 

20°C 

Temperature 

of 

thermostat 

Solu- 

bility* 

Range of 
partial 
denaturation 

■ 

Mid 
point of 
range 


per cent 


“C 


“C 

•c 

M 

o 

0 

136 

0-136 5 

+ + + 



fC 

ft 

153 

-154 

++ + 



u 

it 

158 

-159 

-] ] 



tt 

tt 

166 

-167 

— 



it 

tt 

168 

-169 

— 

158-166 

162 

LiCl H.O (saturated solution) 

15 

136 

0-136 5 

— 1 — |- 



it it a 

it 

145 

-146 

+++ 



n a it 

it 

153 

-154 

— 



it tt tt 

tt 

166 

-167 

— 

146-153 

ISO 

KAc (saturated solution) 

20 

128 

-129 

-1 — 1 — |. 



tt ii if 

ft 

130 

5-131 5 

+ + + 



it tt tt 

<f 

135 

-136 5 

— 

130 5-135 

133 

CaClj 6H.0 (saturated solution) 

32 

113 


++ + 



tt tt ft 

if 

114 

5-115 5 

++ + 



it tt tt 

tt 

121 

5-122 5 

+++ 



tt if tt 

ft 

127 

-128 

+±- 



tt tt it 

ft 

131 

-132 

— 

125-131 

128 

KCNS (saturated solution) 

47 

105 

-106 

+++ 



it ft it 

ft 

108 

5-109 5 

+ 



tt tt tt 

if 

111 

5-113 

— 

106-110 

108 

XaBr 2H 0 (saturated solution) 

58 

90 

- 91 

+ + + 



if it it 

ft 

95 


+++ 



it tt tt 

if 

97 

- 98 

++ + 



if tt tt 

it 

100 


+ + + 



tt it it 

ft 

104 

5-105 5 

+ 

100-106 

103 

NaGOi (saturated solution) 

75 

81 

- 82 

+ + + 



tt if tt 

tt 

84 


+++ 



tt it tt 

ft 

91 

5-92 5 




tt it tt 

tt 

95 


B 



tt tt tt 

tt 

97 

- 98 

B 

85- 91 

88 
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TABLE I— Concluded 


InitiaUy m cqMiKbtium 


Temperitore 
ol ' 

thennosUt 

Solu 

bJity 

Kange of 
patUal 
dtn&turallon 

Mid 
poiol of 
range 


pertenf 

C 


C 

C 

KBr (saturated solution) 

84 

73 - 74 

+++ 




** 

78 - 79 

++- 



( <( 

II 

82 

— 



tut 


90-91 

, 

75- 81 

78 

Is H«HiP 04 (saturated solution) 

93 

65 - 65 5' 

++-' 



U It 

* 

69 5- /O 5 

+ — 



tt t It 

II 

73 - 73 5 

— 

65- 71 

68 

H,0 

Saturated 

65 - 65 S 

+±- 




II 

69 5- 70 5 

=b 




II 

73 - 73 5 

— 

64- 71 

67 5 


* The pluses and minuses mdicate the approximate solubihty of the heated egg 
albunun m distilled water 


applies ‘ This assumption is justified since the Arrhemus equation 
IS known quite generally to descnbe the dependence of the veloaty 
of chemical reactions upon temperature In particular, the dena- 
turation of egg albumin m dilute solution follows this equation 
(Lewis, 1926) 

An experimental relation which greatly facibtates the apphcation 
of the Arrhenius equation is that the temperature coefficient (and 
the cntical increment, also) of the denaturation reaction is, within 
the hmits of error, mdependent of the relative humidity This is 
merely another way of expressmg the fact illustrated in Tig 1 that 
the denaturation temperature relative hurmdity curves, correspond- 
mg to heatmg times of 10 minutes and 60 rmnutes, are very closely 
parallel It also follows, of course, that the reciprocal of the absolute 
temperature of denaturation is a Imear function of p/pt and the curves 
for the two heating times are parallel 

By means of the Arrhemus equation it is possible from a knowledge 
of the relative velocibes of the denaturation process at the same rela 
tive humidity but at two different temperatures (Fig 1) to calculate 

‘ The author wishes to express his appreciation to Professor E A Guggenheim 
for pomting out this method of mterpretmg the experimental data 




TABLE n 


Dependence of Temperature of Denaiuralton upon Relative Humidity Time of 

Heating = 60 Minutes 


Imtiallj m equilibnum with 

p/p> 

20°C 

Temperature 1 
of 1 

thermostat 

1 

Solu 

bihty* 

Range of 
partial 
denatura- 
tion 

Mid- 
point of 
range 


per cent 


°c 


°C 

"C 

P:0, 

0 

133 

-134 

++ + 



(( 

a 

139 

-140 

+±- 



iC 

it 

144 

-145 

— 



cc 

it 

149 

-150 

— 

137-143 

140 

LiCl (saturated solution) 

' 15 

128 

5-130 

+ + + 



(( (( C€ 

it 

133 

-134 

+±- 



U (t <i 

tt 

140 

-141 

— 

131-137 

134 

KAc (saturated solution) 

20 

120 

-121 

+ + + 



(( (( it 

tt 

124 

-125 5 

+±- 



(( it ft 

tt 

125 

-126 5 1 

— 



(t i< it 

tt 

128 

-129 

— 

122-126 

124 

CaCl- (saturated solution) 

32 

111 

-113 

+ + + 



it it ii 

tt 

118 

-119 

+++ 



it it a 

tt 

120 

-121 

+ + - 



« « « 

tt 

124 

-125 

— 



C( « « 

tt 

125 

-126 5 

— 

119-123 

121 

KCXS (saturated solution) 

47 

90 

5- 91 5 

1 

H — 1 — h 



it it it 

tt 

95 

- 96 

+++ 



a it it 

“ 

99 

-101 

+ 



it it a 

(( 

111 

-113 

i 

96-102 

99 

NaBr 2H.0 (saturated solution) 

58 

86 

- 87 

d — 1 — h 



it it it 

tt 

90 

5- 91 5 

++- 



(C it « 

tt 

95 

- 96 

— 



t< tt it 

tt 

1 

99 

-101 

— 

90- 96 

93 

XaClOj (saturated solution) 

75 

70 

0- 70 5 

+++ 



(( tt it 

(( 

74 

- 75 

++- 



it tt tt 

(( 

80 

- 81 

± 



tt tt tt 

ti 

86 

- 87 

— 

73- 81 

77 

KBr (saturated solution) 

84 

59 

0- 59 5 

+++ 



(( <( tt 

tt 

65 

- 65 5 

+±- 



tt it it 

it 

70 

0- 70 5 

— 



it ft it 

tt 

74 

- 75 

— 

62- 68 

65 

JvFItH.POi (saturated solution) 

93 

51 

5 

+++ 

1 


it tt tt 

it 

56 


1 -j 1 



it It it 

if 

59 

- 59 5 

± 



tt tt it 

tt 

65 

- 65 5 


54- 60 

57 


* The pluses and minuses indicate the approximate solubility of the heated egg 
albumin m distilled water 
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the relative velocity at any other temperature This can be done for 
every expenmentally determined temperature of denaturation cor 
respondmg to every relative hunudity Actually, absolute values of 
denaturation veloaty have not been calculated but only the loganthms 
of the relative velocities referred to the velocity at 100°C and pjp 
= 58 per cent as unity 


TABLE ra 


Summary of Data for Dependence of Temperature of Denaluratton upon Relative 
Humidity 


t/t 

Tempenture of half denaturtUOQ 
Id 10 nun. 

Temperature of hall denaturation 
in 60 mm 

Per cent 

C 

C 

0 

162 

140 

15 

150 

134 

20 

133 

124 

32 

128 

121 

47 

108 

99 

58 

103 

93 

75 

88 

77 

84 

78 

65 

93 

68 

57 


Fig 2 illustrates the remarkable fact that the logarithms of the 
relative velocities at any definite temperature are a strictly hnear 
function of the relative humidity, t e 

\n k = a pfp + If 


or 


where h is the denaturation reaction velocity constant, e is the base 
of the natural svstem of logarithms, p/pi is the relative humidity, 
c IS a constant dependent upon the temperature but independent of 
the relative humidity, and a and b are constants mdependent of both 
of these vanables 

This IS the first tune to our knowledge that an exponential relaUon 
has been observed between the veloaty of a chemical reaction and 
the concentration of one of the reactmg substances Although it is 
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evident that the concentration of water is of extreme importance m 
determimng the velocity of denaturation, it is difficult to imagine 
what IS the physical meanmg of the exponential law A possible 



Fic 1 The dependence of the temperature of denaturation of egg albumm upon 
the relatu e humidiU ofaater\apor — experimental heating time 10 minutes, 
^ — experimental heating time 60 minutes 


hne of explanation is that the \anation of the relative humidity not 
onh alters the concentration and activity of the vater, but also affects 



LOG OF RELATIVE VELOOTY OF DENATURATION 


n ALBERT BARKER 


29 


the freedom of the water molecules to move between and upon the 
relatively immobde protein molecules and aggregates The relative 
immobility of the water at low vapor pressure may be even more im 



RELATIVE HUMIDITY p/p^ X 100 

Fic 2 ShowingtbatthelogarithmoftbcvrfocityconstantofhcatdcnaturiiDon 

IS a linear function of the relative humidity o— oxpcnmental heating time 10 
minutes, a — cxperunental heating tune 00 mmutes 

portant in lowcnng the denaturation velocity than is the reduction m 
natcr concentration 

We have assumed that water actually reacts with the protein in 
the heat denaturation process It must be admitted, however, that 
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our observations give no conclusive proof that this is true It is 
conceivable that the indirect influences which we have just discussed 
can account for the entire importance of the water Nevertheless it 
seems highly probable that the role of the water is also a direct one 
These kinetic experiments must be considered to support this hy- 
pothesis 

We wish to point out that the observed relation between the tem- 
perature of denaturation and relative humidity affords a very direct 
method of studjong the mechanism of thermal death in partially 
dried microorganisms such as bacterial spores and protozoan cysts 
The effect of huimdity is so great that its mfluence upon thermal death 
rate may be easily studied even m the presence of disturbing factors 
And if it could be shown that the same relation also apphes to this 
phenomenon, then that would constitute important evidence in 
support of the hypothesis that thermal death of dry microorganisms 
IS due to protein alteration Such experiments are in progress 

JVa/cr Vapor Pressure Isotherms of Native and Heat-Denatnred Egg 

Albumin 

As mentioned above, we have determined the water content of 
egg albumm as a function of the relative humidity over the entire 
range These data are useful not only as a means of converting 
relative humidities into water contents and vice versa, but they also 
constitute a contnbution to the question, so frequently discussed, 
of the gam or loss of water accompanying heat denaturation 

The sorption isotherms were determined by the desiccator method 
Approximately 1 gm of dry but soluble and crystallizable egg albu- 
min was placed in each of thirty small weighing bottles These were 
dmded into tvo groups of fifteen each, one group being heated m a 
pressure steam stenhzer at 15 pounds per sq inch for 10 mmutes to 
gl^ e the denatured egg albumm, while the other group remained at 
room temperature Half of the bottles of each group were brought 
to constant weight over P;Os (f/p, = 0 per cent), the other half of 
each group being similarly brought to equihbrium over a solution 
saturated Mith NITHiPOi (p/p, = 93 per cent) After this initial 
equilibnum had been attamed, sorption expenments were earned 
out vith one set of bottles by placing them m vacuum desiccators 
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over solutions of higher relative humidities, while the other set was 
placed at lower relative humidities for desorption experiments In 
all expenments the anhydrous weight of the protem was determined 
as the final constant weight obtamed over sohd PjOj which will un 
doubtedly agree closely with Sffrensen andHffyrup’s (1917) anhydrous 
protein dried to constant weight over sohd potassium hydroxide 

1 or 2 weeks were reqmred to attam constant weight The change 
of weight was followed by weighmgs made on an analytical balance 
every 1 to 4 days As soon as the desiccators were opened for weigh 
mgs, the ground glass stoppers were placed on the weighmg bottles 
contamed therein 

We shall especially mention that the solubihty and crystalhz- 
abihty of the dned native egg albumm were tested at intervals through 
out the duration of the expenments Every sample was found to be 
completely or almost completely ( > 98 per cent) soluble in distilled 
water and almost all were recrystalhzable from ammonium sulfate 
solution 

Table IV gives the experimental data which are represented graphi 
cally m Fig 3 ' 

The experimental data may be summarized by the statement that 
heat denatured egg albumm takes up approximately 80 per cent as 
much water at each particular relative humidity as does native crys- 
talhzable egg albumm This conclusion is m agreement with the 
less complete expenments of Sorensen and Sjfrensen ( 1925 ), Katz 
( 1917 ), and Adair and Robmson ( 1931 ) as regards both the sign and 
the magnitude of this effect 

A companson of the results of these sorption expenments with those 
from the study of the dependence of denaturation velocity upon 
relative hurmdity leads to the apparently anomalous conclusion that 
whereas water is necessary for denaturation and denaturation itself 
probably involves a reaction of the protem with water, yet the de- 
natured protem is less heavily hydrated than the matenal from which 
It IS denved Even if the kinetic evidence demands the conclusion 
that the denaturation reaction actually mvolves a combmation of 
water with the protem, it nevertheless can suggest nothmg at all 
about the properties of the resultmg protem The quantity of water 
which might react would be too small to be analytically demonstrable 



TABLE IV 


Sorption of Water by Native and Denatured Egg Albumin Temperature Range, 
20-26 75°C Mean Temperature, 23°C xjm in Gm Per Gm of Anhydrous 

Protein 


Protein in 

equilibrium with satu 
rated solution of 

tip, 

20°C 

Sorption 

Desorption 

Mean x/m 

Ratio b/a 

Native 

Dena- 

tured 

Native 

Dena 

tured 

Native 

Dena 

tured 

(0) 

(6) 


ter cent 







per cent 

LiCl HjO 

15 



M 


















0 0386 











0 0417 

0 0365 

87 

KAc 

20 

■ 


0 0682 


0 0647 



CaCli 6HjO 

32 



0 0839 

0 0643 








0 0778 

0 0550 








0 0866 

0 0604 

0 0808 

0 0599 

74 

KCNS 

47 



0 1067 


0 1021 



NaBr 2HJ0 

58 

0 1183 


0 1235 

0 1031 







BB 

0 1310 

0 1054 

0 1247 

0 1013 

81 

NaClOj 

75 

0 1637 


0 1744 







0 1695 









0 1722 













0 1699 

0 1322 

78 

KBr 

84 


MB 

0 2102 

0 1007 






0 1998 



0 1788 









0 1730 

0 2053 

0 1664 

81 

XHJI.POr 

93 

0 3143 









0 3093 

iiKwa! 








0 3078 


















0 3040 









0 3059 









0 3061 









0 3090 









0 2961 




0 3059 

0 2327 

76 

H.O 

Satu- 

0 7495 

m 







rated 

0 7237 

■ 



0 7366 

0 3590 



Mean 

Mean de\Tation 


79 5 per cent 
3 5 per cent 
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DENA.TURATION OF CRYSTALLIZABLE EGG ALBUMIN 


(Hirsh-Pogany, 1922), and would be, moreover, entirely masked by 
the lesser affinity of the new protem denvative for water 

SUMMARY 

1 The denaturation rate of partially dned crystaUizable egg albu- 
mm IS greatly decreased by decreasmg its water content 

2 The temperature of denaturation, defined as the temperature 
at which half of the protem becomes insoluble m distilled water after 
a defimte tune of heatmg, is a hnear function of the relative humid- 
ity with which the protem is m equdibnum 

3 By appljnng the Arrhenius equation it is shown that the rate of 
heat denaturation at a given temperature is an exponential function 
of the relative humidity 

4 The apphcation of the observed relations to the analysis of the 
mechamsm of thermal death of microorgamsms is suggested 

5 The water content of native and heat-denatured egg albumin is 
determmed as a fimction of the relative humidity of water vapor 
It IS shown that the heat-denatured modification takes up approxi- 
mately 80 per cent as much water at all relative humidities as does 
native egg albumm 

In conclusion the author wishes to express his appreciation to 
Professor J W jMcBam for advice and cnticism durmg the progress 
of this work 
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GELATINASE AND THE GATES GH,MAN COWGILL 
METHOD OF PEPSIN ESTIMATION 

Bv ELIZABETH R B SMITH* 

(From the Deparlmont of Physiological Chemistry^ Yale University, New Haven) 
(Accepted for publication, June IS, 1933) 

The convenience of the Gilman and CowgiU development (5) of 
the Gates techmque (3, 4) for the estimation of proteolytic power has 
encouraged its wide adoption This method is photometnc and de 
pends on the decrease m opacity of a completely developed photo 
graphic film after treatment with a solution of a protease The 
pnnaple mvolved here is the partial solution of the gelatin which holds 
the particles of completely reduced silver The wnter has used this 
method in over 12,000 detenmnations on canine gastnc juice 
Northrop’s conclusion (6) that crude pepsin contams a specific gelatin 
liquefying enzyme (“gelatinase”), in addition to ciystallizable pepsm, 
made it advisable to ascertam whether the method really measures 
the activity of pepsm, of gelatinase, or of both 

Northrop (6) distmguished gelatmase from pepsm in part by the 
greater resistance of the former to alkali whereas pepsin was com- 
pletely inactivated at pH values above 9, gelatmase was still more than 
SO per cent active at that alkabnity, and retained some effectiveness 
even at values above 10 Advantage was taken of this difference to 
test qualitatively for gelatmase activity m both the commercial pepsm 
standard (Armour and Co , u s p 1 10,000) and m camne gastnc 
jmce 

For these experiments a senes of standard buffers was prepared 
rangmg from an acidity of approximately pH 1 to an alkahmty near 
13 The senes chosen was that of Sorensen, descnbed by Clark (2, 
pp 203-210), glyane NaCl HCl, glyane NaCl NaOH and atnc 

* A part of these data are contained in the dissertation presented by Ehzabeth 
R B Smith to the Faculty of the Graduate School Yale Umversity, May, 1933, 
in partial fidfilhnent of the requirements for the degree of Doctor of Phdosophy 
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acid-NaOH were the three series selected The hydrogen ion concen- 
trations of all these solutions were determined by a hydrogen elec- 
trode in a cell whose hquid junction potential was assumed to be 
eliminated by the msertion of a saturated KCl bridge The cell used 
was 


Pt, Hj/buffer/saturated KCl/HgCl/Hg 

In calculatmg the pH values, the equations recommended by Clark 
(2) were used 

In these tests, three series of “peptic activity” estimations were made 
under the usual conditions of the Gilman-CowgiU method (5) except 
for the hydrogen ion concentrations of the buffers m the cells Series 
A was a blank, buffer only being placed m the ceUs Senes B con- 
tained a 0 5 per cent concentration of the 1 10,000 pepsin normally 
used as a standard in the determination Senes C held a mixture of 
canine gastnc juice samples diluted m each case with four parts of the 
buffer solution The results obtained are best expressed by Table I 
The unitage of “pepsin” recorded was calculated from a standard line 
set by a dilution senes run in the usual way on films of the same pre- 
liminary reading as those of the experimental series For a more 
detailed explanation of this the reader is referred to Gilman and 
CowgiU’s descnption of the method (5) Here, however, 1 per cent 
of the 1 10,000 commercial pepsin represents 100 umts per cc instead 
of 1000 units, the value adopted by Gilman and CowgiU 

By reference to Table I it can be seen that above pH 8 5 no proteo- 
Ij-tic power was ewnced The change m opacity of the film s of Series 
B and C at these higher pH values was no greater than that of the 
more alkaline members of Senes A The results were the same whether 
the solutions were made up 24, 12, or 2 hours pnor to the runmng of 
the senes 

At the suggestion of Dr J H Northrop, further experiments were 
made to determine more exactly the value of the gelatin film method m 
the measure of the peptic or gelatinase activity of protease solutions 
Dr Northrop kindly furnished us wnth three solutions whose activity 
had been determined by vanous methods including the hemoglobin 
technique of Anson and iVIirsky (1) and the gelatin viscosity method 
of Northrop and Hussey (8) as later modified by Northrop (7) These 
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three test solutions may be described as follows Solution P D, 0 8 
per cent commercial pepsin contaimng 0 022 unit per cc by the hemo 
globm techmque and 2 1 units per cc by the gelatm viscosity method, 
Solution C, four times recrystalhzed pepsin testing as 0 022 unit by 


TABLE I 


Buffer pH 

Peptic ictivitr in units per cc 

Buffer onljr 

Senes A 

0 S per cent pepsin 
^rics B 

Diluted canine gastnc 
juice Senes C 

1 05 



53 

120 

1 44 

_ 

55 

114 

2 12 

— 

50 

115 

2 46 

_ 

42 

100 

2 78 


43 

100 

3 20 

— 

40 

96 

3 58 


37 

91 

4 01 

— 

30 

75 

4 40 

— 

26 

69 

4 51 



28 

70 

5 0^ 



20 

so 

5 58 



18 

42 

6 02 

— 

10 

21 

6 74 

_ 

5 

21 

8 47 

— 

Trace 

? 

9 22 

2 

— 

— 

9 95 

3 

2 

4 

10 30 

— 

3 

? 

11 10 

5 

4 

3 

11 88 

3 

3 

3 

12 17 

2 

5 

5 

12 64 

2 

3 

2 

12 75 

3 

3 

3 


* These values were not matena!l> affected by the additions of commercial 
pepsm or of small quantities of gastnc jmce. 


the hemoglobm procedure and I 4 units per cc by the gelatin viscosity 
technique, and Solution G, a crude preparation of gelatmase corre- 
spondmg approximately to the fraction Pi descnbed by Northrop (6), 
and containing 0 022 hemoglobin unit and 7 gelatm units per cc 
These three solutions were exanuned by the Gilman and CowgiU 
technique both at the usual reaction recommended for the determma- 
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TABLE n 


Matenal 

Method 

1 

pH 

Tempera- 

ture 

Umts per cc 

Solution P D 

1 

Hemoglobm 

— 

— 

0 022* 

0 8 per cent com- 

Viscosity 

5 0 

35 5 

2 1* 

mercial pepsm 


4 5 

34 0 

1 8 


Film 

1 8 

25 0 

138 0 


ti 

2 8 

25 0 

125 0 


It 

3 6 

25 0 

120 0 


it 

4 8 

25 0 

105 0 


tt 

8 4 

25 0 

35 0 

Solution C 

Hemoglobm 

— 

— 

0 022* 

4 X recr} stallized 

Viscosity 

5 0 

35 5 

1 4* 

pepsm 

t< 

4 5 

34 0 

1 2 


Film 

1 8 

25 0 

135 0 


tt 

2 8 

25 0 

135 0 


tt \ 

3 6 

25 0 

133 0 


tt 

4 8 

25 0 

103 0 


tt 

8 4 

25 0 

20 0 

Solution G 

Hemoglobin 

— 

— 

0 022* 

Gelatinase fraction 

Viscosity 

5 0 

35 5 

7 0* 


« 

4 5 

34 0 

6 0 


Film 

1 8 

25 0 

138 0 


tt 

2 8 

25 0 

140 0 


tt 

3 6 

25 0 

155 0 


tt 

4 8 

25 0 

175 0 


tt 

8 4 

25 0 

85 0 

1 per cent Armour 

Viscositj 

4 5 

34 0 

1 7 

1 10,000 pepsin 

Film 

1 8 

25 0 

100 0 (by definition) 


ft 

2 8 

25 0 

92 0 


tt 

3 6 

25 0 

90 0 


ft 

4 8 

25 0 

95 0 


tt 

8 4 

25 0 

20 0 

Canine gastnc juice 

Viscositj 

4 5 

34 0 

3 7 


Film 

1 8 

25 0 

170 0 


tt 

2 8 

25 0 

180 0 


tt 

: 3 6 

25 0 

175 0 


ft 

! 4 8 

25 0 

165 0 


tt 

8 4 

25 0 

50 0 


^ aluc furnished b\ Dr J H Northrop 
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tion and at more allabne pH values The buffers used were similar to 
but not identical with those used m the preceding experiments and 
were also checked electrometncally with respect to hydrogen ion con- 
centration A commeraal pepsin and canine gastnc juice were esti 
mated at the same time by both the gelatin film method and the 
gelatin viscosity technique In the latter determination, the condi 
tions defined by Northrop and Hussey (8) rather than those set up by 
Northrop (7) were used, the umtage, however, was calculated by the 
method of Northrop (7) The difference m conditions no doubt ac- 
counts for the failure to check exactly the umts as found by Northrop, 
It should be noted, however, that the values found by us are in each 
case exactly six sevenths of the figures furnished us by Dr Northrop 
The findmgs from this later set of experiments are set forth m 
Table n 

It IS apparent from these figures (Table II) that the Gates method 
measures the same enzyme or enzymes as found by the hemoglobin 
method Therefore it would seem that the film method detenmnes 
chiefly pepsin, though no doubt gelatinase is a factor in some cases 
and if the pH used were higher might mterfere markedly 

The following conclusions can be drawn from the results of Tables 
I and JI The enzyme activity measured, as has been said, is the same 
by the gelatin film method as by the hemoglobin technique of Anson 
and Mirsky The umtage of each sample as determmed by the Gates 
procedure checks closely with the hemoglobm figures and is not in 
accord with the values as estimated by the gelatm viscosity method 
The higher values obtamed with the latter method on the canine 
gastnc juice sample are interesting, they suggest the presence of some 
gelatinase activity m this matenal This was pure gastnc juice 
collected from a Pavlov gastnc pouch in response to the ingestion of 
food This finding should be followed and checked 

The conclusion to be drawn with regard to the vahdity of the Gates 
method for pepsin estimation is that this gelatm fi l m method consti 
tutes as nearly a truly peptic method as does any other extant It is 
not mfluenced by gelatinase as is the gelatm viscosity estimation 
The findings at lower aadities shown in Table II suggest that the 
extremely low (almost physiological) pH, as well as perhaps the com 
parativdy low temperature (2S°C ), may be a factor in this in view of 
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the fact that the comparative potency of the gelatmase increased as 
the pH approached 5, that used in the gelatin viscosity method 

SUMMARY 

The Gates photographic film method for pepsin estimation as 
developed by Gilman and Cowgill measures an activity corresponding 
to that determined by the hemoglobm method of Anson and Mirsky 
rather than that resultmg from the use of the gelatm viscosity tech- 
mque Therefore, the presence of gelatmase is not a source of great 
error m the gelatm film procedure 

The writer wishes to acknowledge her mdebtedness to Dr J H 
Northrop of The Rockefeller Institute for his generosity m furnishing 
the crystalhne pepsm and gelatmase solutions used, and to Dr D I 
Hitchcock of the Department of Physiology and Dr Raymond Hussey 
and Dr W R Thompson of the Department of Pathology, Yale 
University School of Medicme, without whose courteous loans of 
matenals and apparatus these experiments would not have been 
possible 
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THE REFRACTIVE INDICES OF WHOLE CELLS 

Bl n S CASTLE 

{From the Laboratory of General Physiology Harvard Umversih Cambridge) 
(Accepted for pubbcation Ma> 20 1933) 

I 

To deal quantitatively with the distribution of light within the 
sporangiophore of Phycom^ccs, the constants of this optical system 
must be known The following measurements were made in order to 
obtain a value of the refractive index, of the cells 

It IS evident that a cylmdncal cell mth relatively transparent and 
homogeneous contents will function in air as a converging lens The 
radius of curvature is one halt of the celt diameter, which may be 
measured directly with a microscope having an ocular micrometer 
The refractive index of the intact cell may be determined by allowing 
parallel light to tall on the cell and measuring the focal distance This 
method was originally applied to cellular constituents by Nageli and 
Schwendener (1867), later to intact plant cells by Senn (1908), and to 
developing sea urchin eggs by Vies (1921) 

The focal distance which is measured with intact cells results from 
the combined action of all cellular constituents, which may not have 
the same refractive indices According to Oort and Roelofsen (1932) 
the chitmous xvall of the sporangiophore of Ph\comyces reaches a 
maximum thickness of 3 below the growing zone, and m the growing 
zone IS less than 1 /i thick The diameters of the sporangiophores 
used m these measurements ranged from 48 to 120 ii Because of the 
extreme thinness of this wall no large error is introduced by leaving it 
out of consideration, although it certamly has a higher refractive index 
than the other cell constituents At the grow mg zone, the sporangio 
phore appears completely filled with a homogeneous mass of “proto 
plasm ” In all other regions there is a central sap vacuole which often 
occupies one half of the total diameter of the cell Focal distances 
were measured both at and below the growing zone Since calcula 

41 
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tions of the refractive indices m these two regions show no significant 
difference, it is evident that the presence or absence of a central sap 
\acuole introduces an error which is within the precision of the 
method In consideration of sources of error which will be discussed 
below, It seems justifiable to treat the sporangiophore as a homogene- 
ous cylinder of protoplasm m computing the effective refractive index 



1 i< 1 rholomicropraph of iht ‘ briKht line” lo which parallel light incident 
frombclos is coneerged be i cell of /Vieronncis in air The line is about 0 04 mm 
aboee the upper cell wall, hence no jiart of the cell itself is in focus '\ppro\i- 
mateU 
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lowered untd particles streaming m the topmost penpheral Ia>er of protoplasm 
came mto focus The level of these movmg particles could be located more 
consistently than the top of the cell wall or the middle plane of the cell While the 
locus of this middle plane is what is desired for deternunation of the focal distance, 
it could not be focused upon with any degree of accurac> The vertical distance 
through which the tube moved was equal to the difference between the readmgs of 
the fine adjustment micrometer m the two positions the micrometer drum being 
graduated m smgle n ^ Each distance was detenmned by separate settmgs for 
each cell ten times The precision of settmg was greatest with rather high powers 
of magnification (objective — 45X, ocular — 6X) 

Due to the high mtensity of light needed for the measurements a monochro 
matic source could not be used. Measurements made with white hght are proba 
bly best referred to the spectral region to which the eye is most sensitive (approxi 
raately 500 mp) On this assumption the index of refraction with reference to 
the sodium Ime (589 3 mp) would be not more than 1 umt in the second decimal 
place less than the value obtamed- X^^e measurements were earned out at a room 
temperature of 20~22°C 

n 

The focal distance of a cylmdncal lens placed in parallel light is 
the distance along the axis from the center of the lens to the spot 
where the rays converge to a “point In the procedure described 
above, not the center of the cell but a pomt immediately withm the 
cell wall was determined In order to find the center, a distance equal 
to the radius of the cell mmus the thickness of the wall must be added 
If 

/ = focal distance 

/ = measured distance from image to penpheral layer of protoplasm 
D « diameter of cell 
b = thickness of cell wall 

then 

+ (0 

For each cell the radius was known through duect measurement of 
the diameter The thickness of the wall was taken as 3/i (cf Oort and 
Roelofsen, 1932) 

As a consequence of spherical abberation m a lens of such wide 

'Many microscopes are equipped with fine adjustments contammg a lever 
system and cannot be used for the precise measurement of vertical distances 
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aperture, all parallel rays do not converge to a point behind it Hence 
the sharpest image which can be focused upon is a bnght line of finite 
vidth, corresponding to the “least circle of abberation” of a sphencal 
lens, which lies slightly nearer the lens than the ideal focal point 
The magnitude of the correction of the apparent focal distance for this 
error was computed on the assumption that the refractive index of the 
cell was 1 38, the diameter of the image being estimated from photo- 
micrographs as 1 5 /i The least circle of abberation was found to be 
probably less than 2 /i nearer the cell than the true focal point This 
source of error was therefore disregarded 
Refractive indices were calculated by means of the following formula 
for a sphencal lens 


4/» 

"" 4/ - D 


( 2 ) 


w here 


jt = index of refraction of the cell 

V = index of refraction of the surrounding medium (air, taken as 1) 

/ = focal distance 
D ■= cell diameter 

Table I gives the measurements and computed indices of refraction 
for the SIX cells studied In each case, the average focal distance is 
based on ten separate determinations The extreme values of / ob- 
tained for each cell are given These extremes deviate on the average 
5 to C per cent from the mean values of/ 

It IS ewdent that there is no correlation of refractive index with cell 
diameter, although the largest cells studied were nearly three times the 
size of the smallest The values of n for the six cells may be averaged, 
yielding a mean xalue of « = 1 38 Since the cell diameters were 
measured to vithin 1 or 2 /z, determination of the focal distance intro- 
duces the largest single error 


III 

'^enn (1908) used a similar method for measunng the refractive 
indices of entire plant cells, but obtained much higher values than 
IhO'C computed here for Phycomyccs Table II gives illustrative 
v alucs from Senn s v orL 
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Since protoplasm is largely composed of water, it is surpnsmg to 
note Senn’s finding of refractive indices for plant cells equal to those for 
crown glass or paraffin oil Data on the optical constants of the 
human eye (von Helmholtz, 1924) also do not accord with Senn’s 
figures As Table H shows, even the lens of the eye, specialized as it 
IS for refraction of light, has a low mdex compared with those found 

TABIX I 


Cell diaiaeter 

tLnimmn focal 
teogth 

Kfanmnm focal 

Icogtb 

Average focal 
lengtii 

Average Index of 
refraction 

f* 

1 ^ 

<■ 



48 3 

41 S 


44 6 

1 37 

58 4 

SO 1 

53 1 

51 6 

1 39 

71 2 

61 1 

69 3 

64 3 

1 38 

90 8 

75 0 

83 2 

79 4 

1 40 

102 2 

90 1 

! 99 1 

94 8 

1 37 

119 1 

111 1 

117 7 

115 4 

1 35 


TABLE n 


Object 

H 

Author 

Vauchena repens (thallus) 

1 47-1 48 

Senn 

terrestns ( ‘ ) 

1 49-1 52 

« 

Bryopsts plumosa ( ) 

1 49-1 52 

t 

Funarto hygromeirtca (paraphyses) 

1 48 


Phaseolus vtdgaris (palisade cells) 

1 47 


Victafaba { * ‘ ) 

1 49 

It 

Taraxacum ojictnale ( ) 

1 48 


Human eye 


von Helmholtz 

Cornea 

1 376 


Humors 

1 336 


Lens (outer layer) 

1 386 


‘ (core) 

1 406 


Sea urclun egg (unfertilized) 

1 39 

Vlh 


by Senn for plant cells Senn seems to have corrected his measure 
ments for spherical abberation by multiplymg the apparent focal 
length by a constant greater than 1 and mcreasing with the diameter 
of the cell This correction increases the apparent focal distance, 
and therefore lessens the value of the refractive mdex Senn regarded 
its use as justified by the fact that by this means constant values of 
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refractive index could be obtained from cells of different diameters 
No such arbitrary correction was used in the work with Phycomyces 
Cells of widely differing diameter gave comparable values of refractive 
index, as shown in Table I 

It may be significant that the present measurements were made in 
air, while all the cells used by Senn were submerged in water Further- 
more, workmg with spheres of expressed protoplasm, Senn found the 
same high values of refractive index as for similar, intact protoplasm 
surrounded by a cellulose waU {n = 1 49) In view of the aqueous 
nature of protoplasm, this result is almost certainly incorrect If 
correct, it would mean that m water cellulose waU and protoplasm 
could not be distinguished, and this is not true The method used by 
Senn must contam a considerable hidden source of error 

(1921 a, b) made use of the same method to follow changes m the mdex of 
refraction of the sea urchm’s egg durmg early development He obtamed a value 
of n for the unfertilized egg of approximately 1 393 Durmg cleavage, he recorded 
rhythmic changes amountmg to a deviation of 0 014 from this value Due to the 
sequence of form changes of the egg, only one measurement seems to have been 
made on an egg at any one stage, and the possible mfluence of the fertilization 
membrane vas disregarded It is obvious that under these conditions the calcu- 
lated mdices are scarcely accurate to 2 umts m the second decunal place Changes 
in mdex of refraction of such eggs may occur durmg development, but the measure- 
ments of do not substantiate them His determmations agree, however, in 
general order of magnitude with those made with Phycomyces 

SUMMARY 

Refractive indices of intact sporangiophores of Phycomyces were 
computed from measurements of focal length and radius of curvature of 
the cells For the slx cells studied, effective values of n were obtained 
ranging from 1 35 to 1 40 The average effective n was 1 38 Senn’s 
determination of refractive indices of other plants cells gave much 
higher values 7; = 1 37 to 1 52 The precision of the method and 
possible sources of this discrepancy are discussed 
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THE PHYSICAL BASIS OF THE POSITIVE PHOTOTROPISM 
OF PHYCOMYCES 

BuE S CASTLE 

(From the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication May 20 1933) 

1 

The measurements descnbed in this paper were made m order to 
find out how the net photochemical action of hght falhng on a cell of 
circular cross section may he greater m the half of the cell farther 
from the source of hght It is hnown that in air the cylmdrical, hght- 
sensitive sporangiophore of Phycomyces bends toward a smgle source of 
hght, and that the bending is due to a difference in the rates of growth 
or extension of the cell wall on opposite sides of the growmg zone 
With symmetrical illumination of the growing zone there is no bend 
mg, but a temporary acceleration of growth, the hght growth response 
The conclusion is therefore unavoidable that when parallel hght strikes 
the sporangiophore from one side, the bendmg which ensues is caused 
by relatively more growth, and hence relatively greater photochemical 
action, on the side farthest from the source of hght Smce absorp 
tion certainly occurs as hght passes through the sporangiophore, how 
IS this possible? 

Blaauw (1914) regarded the sporangiophore as a cyhndrical lens 
which, because of its relative transparency, concentrated hght on the 
back wall of the cell m a zone of relatively high intensity Blaauw and 
more recently Nuembergk (1927) were forced to conclude that the 
brightly illuminated zone on the back wall, even though flanked on 
both sides by large areas of relative shadow {of Pig 1 j4), served to 
call forth a greater growth acceleration than was produced at the cell 
wall nearest to the hght Even neglecting absorption m the cell, this 
would mean that a certam amount of hght concentrated in a small area 
of the cell is more effective than the same amount of hght spread over a 
larger area If there were small, separate zones of reception and 
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reaction within the cell, this idea might conceivably be correct The 
radial symmetry of the sporangiophore and the fact that the region of 
sensitivity to hght comcides with the region of growth do not support 
the idea Barring the existence of such cell “organs,” explanation of 
this anomalous action of hght in the terms used above is contrary to 
the whole theory of phototropism as based upon differential photo- 
chemical action 

Oehlkers (1926) concluded from inadequate experimental evidence 
that lens action alone would not explain the positive phototropism of 
Pliycomyces in air He suggested that total reflection at the back 
wall of rays passing through the peripheral parts of the cell would 
increase the net absorptive path of hght within the far half of the cell 
Unfortunately the total reflection diagramed m Oehlkers’ paper is 
physically impossible, as a glance at his incorrect geometrical construc- 
tion will show 

The solution offered in this paper is based upon the following assump- 
tions (1) that bending is a consequence of unequal absorption of hght 
m the two halves of the cell, (2) that the pnmary action of hght is on 
the cell protoplasm rather than on the wall, (3) that the substance 
which absorbs hght is uniformly distributed within the cell 

The first assumption is axiomatic The second implies that the 
protoplasm of one half of the cell reacts to hght more or less as a whole, 
at least as regards the production of a differential growth mcrement 
That half of the cell reacts as a whole may merely mean that there is 
tune for the diffusion or transport of photochemical products through- 
out part of the cell The latent period of several minutes duration in 
the response of Phycotnyccs to hght may furnish the time necessary for 
such “summation ” In any case, the hght growth response of Phyco- 
my CCS is not an immediate, passive stretching of the cell wall under the 
influence of light 

The third assumption is supported by the observation that the 
growing zone of the sporangiophore appears filled with an undifferen- 
tiated mass of protoplasm, without a central sap vacuole The 
protoplasm of this zone moreover contains a yellow pigment As 
far as can be judged by e>e, this pigment is distnbuted throughout 
the protoplasm The following argument would need only numencal 
correction were it shown that there is in fact a small central sap 
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vacuole, or that the pigment is mainly located in the penpheral layers 
of protoplasm 

n 

Consider a sporangiophore of Pliycomyces growmg m air and struck 
by a single beam of parallel light at right angles to the long axis of the 
cell, as in Fig 1 A For simphcity, only half of the inadent beam 
IS represented In the foUowmg calculations the cell has been treated 
as an optically homogeneous cyhnder of refractive mdex 1 38 {cf 
Castle, 1933) 

If the cell in Fig 1 A is bisected at nght angles to the beam of 
madent hght, as mdicated by the dotted Ime, the relative distance 
traversed by each ray of hght m each half of the cell may be measured 
on the diagram Table I gives these measurements for a cell similar 
to that m Fig 1 A, the cell radius being taken for convenience as 10 
mm If the distances in the two halves be and k respectively, 
correspondmg to the halves of the ceU nearest and farthest from the 
source of hght, then for the central ray only 


For all other rays 


I, < t. 


By actual measurement on the diagram, it can be shown that for the 
whole cell 


s (;,) 
s(i.) 


1 32 (oppronmately) 


Smce the density of radiation stnkmg the cell m Fig 1 ^ is repre 
sented by the arbitrary spacmg of the parallel hnes, it might be sup 
posed that an increase in density would alter the ratio just determmed 
A more accurate result is obtained by solvmg graphically for the limit 
mg case, when the density of madent radiation is infinite Geometn 
cally, this means aUowmg the distance between the parallel hnes to 
become mfinitely small This distance is measured in angular co- 
ordmates by sin t, where » is the angle of incidence of each ray on the 
cell Graphic integration should therefore be earned out with respect 
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to sm t, between the limits sin j = 0 and sm j = 1 In Fig 2 values of 
li and h from Table I are plotted against sm t The areas under the 



Tie 1 Diagrams 5ho\ ing light pathwajs vithin the sporangiophore of 
r CCS \t the groaang zone the cell is assumed to be a homogeneous c\hnder of 
p’-otoplasm of refractive index I For convenience, ravs in onh one half of the 
cell are dmvm in -1 — cell in air, B — ravs of light striking the back wall in A 
arc 0 vn here partiallv reflected bad into the cell, C — cell in parafhne oil of 
re’mctive index 1 47 
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TABLE I 


Angles of incidence and refraction, loss of mtensit> by reflection at front wall of 
cell, and length of path of light ra>^ in the front and back halves of the cell 


Angle of Inudence 

Intensity loss by 
reflection 

Angle of refraction 


/t 

dei tes 

p*r cent 

dettta 

mm 

mm 

0 0 

2 

6 



10 00 

2 9 

2 

6 

2 1 


10 00 

5 4 

2 

6 

3 9 

9 98 

10 00 

7 7 

2 

6 

5 6 

9 91 

10 00 

11 7 

2 

5 

8 4 


10 00 

14 6 

2 

5 

10 6 

9 71 

9 96 

17 8 

2 

5 

12 8 

9 59 

9 94 

20 2 

2 

5 

14 5 

9 43 

9 93 

23 8 

2 

6 

17 0 

9 25 

9 92 

26 8 

2 

6 

19 1 

9 01 

9 89 

30 1 

2 

7 

21 3 

8 80 

9 89 

33 6 

2 

S 

23 7 

8 50 

9 88 

37 0 

2 

9 

25 9 

8 16 

9 85 

40 6 

3 

0 

28 1 

7 82 

9 83 

44 5 

3 

3 

30 5 

7 39 

9 90 

48 4 

3 

8 

32 8 

6 90 

9 99 

S3 4 

4 

6 

35 6 

6 29 

10 10 

58 3 

6 

3 

38 1 

5 62 

10 22 

64 3 

9 

6 

40 8 

4 78 

10 45 

72 3 

18 

3 

43 7 

3 52 

11 05 

90 0 

100 

0 

46 4 

0 00 

13 80 


The radius of the cell is taken for convenience as 10 mm the index of refraction 
as 1 38 fj and were measured on the original of Fig 1 


two curves measure the smnraated distances traversed in the respective 
quadrants of the cell 

r /j sin I 

Jo Area under Curve It ^ j 2g 

Area under Curve /j 

J /i an 1 

In other rvords, the total absorptue path is 1 26 times longer m the 
half of the cell farthest from the source of hght, due to refraction 
alone 
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Urn 



Fig 2 Lengths of light path\\a\s in the two quadrants of the cell shown in Fig 
1 1 p’o'ted against the sme of the angle of incidence of each raj on the cell The 
a’-eas unde' Curves h and U are proportional to the total absorptive paths vithin 
the f'c-’t ard bad huiLes of the cell respectivelv 


E S CASTLE 


55 


in 

As light passes through the cell, it is absorbed at a rate determined 
by the value of the absorption coeffiacnt In order that more hght 
may be absorbed m the far half of the cell, the mtensity of hght reach 
mg that half must not be too low This means that m cells of the 
type which exhibit positive phototropism the absorption coeffiaent 
cannot exceed a certain cntical value The rest of this paper is given 
over to a solution for such cntical values of absorption coeffiaent, and 
to a discussion of their meamng * 

Let Jo — mtensity of hght madent on all pomts of the front of the cell 

h = mtensity of any one ray at boundary between the front and back 
halves 

h = mtensity of any one ray at the back wall 
h "= length of any one hght pathway m front half 
fj = . ■■ .. .< .. « back “ 

a = absorption coefficient of absorbmg substance 

Now for any one ray of light, 

I, = 

and 

It - 


The hght absorbed from this ray m the front half of the cell is therefore 

U (l - r“') 


and that absorbed in the back half is 
I. - A - I. 

Since we are concerned with the Mai absorption of hght in each half 
of the cell, the situation is not as simple as the foregoing treatment 
imphes In the first place, the loss of intensity by reflection at the 
front surface of the cell must be corrected for Fresnel’s formula was 
used to compute the loss of mtensity by mirror-Uke reflection for each 
ray 

„ 1 1 Bto* (» — r) tan» jt — r) 

^refl«ted ” * ® sm* (» + r) tan* (» + r) 


* It IS assumed that the effect of contmuous hght in producmg phototropism 
IS directly proportional to the intensity The actual rate of the process which 
takes place in conbnuous hght — presumably a sustained "softcmng of the cell 
wall — and its relation to mtensity are not known 
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where 


0 = amplitude of mcident light 

1 = angle of mcidence at front of cell 
r = angle of refraction at front of cell 


The calculated percentage losses are given m Table I They become 
large vith values of % greater than 50-60° They are probably 
shghtly less than the real losses, smce the refractive index of the cell 
wall IS presumably higher than 1 38 Furthermore, a slight additional 
loss of intensity by dijffuse reflechon is neglected 


TABLE n 


Calculation of absorption m front and back quadrants of the cell, for representa- 
tive rajs shown in Fig I A The cell radius is taken as 0 04 mm , a as 4 De- 
tailed explanation m the text 


Ancle of 
incidence 

Sin t 

wm 

a 

Reflection 

loss 

h 

It 

h 

h-h 

It -It 

dtsrecs 

0 0 

m 

mm 

0 0400 

rrm 

0 0400 

percent 

2 6 

0 974 

0 831 

0 710 

n 

pm 

11 7 


0 0392 

0 0400 

2 5 

0 975 

0 833 

0 712 

Eifi 


23 S 

rim 

0 0370 

0 0397 

2 6 

0 974 

0 840 

0 718 

0 134 


37 0 

0 002 

0 0326 

0 0394 

2 9 

0 971 

0 850 

0 726 

0 121 


44 5 

0 701 

0 0295 

0 0396 

3 3 

0 967 

0 859 

0 733 

0 108 


53 4 

0 S03 

0 0252 

0 0404 

4 6 

0 954 

0 863 

0 737 

0 091 

0 126 

64 3 

0 901 

0 0191 

0 0418 

9 6 

0 904 

0 838 

0 710 

EB 


72 3 

0 953 

0 0141 

0 0460 

18 3 

0 817 

0 772 

0 643 



76 0 

0 970 

0 0116 

0 0506 

26 0 




ehi 

0 129 

90 0 

1 0 

0 

0 0551 

100 0 




0 

0 


Knowing for each ray the xalue of Jo corrected for loss by reflection, 
and assuming particular values of a, the next step is to calculate Ji and 
7; separate!} for the ra}S shown in the diagram (Fig 1 A), and to 
summate for the two quadrants of the cell the quantities of light 
absorbed This procedure, while laborious, is direct, and unavoidable 
m the absence of a complete equation taking into account surface reflec- 
tion and absorption within two hahes of a cjlindrical lens Since h 
IS a function of the cell radius, more light wiU be absorbed in the front 
hall of a large cell than of a small one The following computations 
ha\e bctn earned out for a cell of average size, the diameter being 
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taken as 0 08 nun Real values of h and k for this cell are obtained 
by dividing the corresponding, arbitrary lengths in Table I by 250 
Table II illustrates the calculations m a typical case when a = 4 
For the sake of simplicity, not all the light rays shown m Fig 1 A 
are included The mtensity incident on all points of the front half of 
the cell IS taken as 1 Column 6 gives the fraction of this intensity 
which enters the cell, obtamed by subtracting the reflection loss for 
each angle of inadence from 1 Columns 9 and 10 give the amounts 
of light absorbed from each ray m the front and back quadrants of the 
cell respectively These figures are plotted against sin », and the areas 
under the two curves measured with a pianimeter The ratio of the 
two areas gives the ratio of light absorbed m the two quadrants, and 

TABLE m 


Ratio of bght absorbed m the back half of the cell to light absorbed m the front 
half, as a function of the absorption coeflieient. The cell radius is taken as 0 04 
mm 



AbsorpU&D Id back half 


AbsorpUoQ b frost baU 

1 

1 22 

4 

1 08 

8 

0 95 

16 

0 70 


therefore in the two halves, of the cell In this particular case, when a 
= 4 


Light absorbed in back half 
Light absorbed m front half 



(/j — It)d sm » 


(/# — Ii)d sm I 


108 


Table III shows how this ratio vanes with the absorption coefficient 
Calculations similar to those illustrated m Table II were earned out 
for several values of a With low values of a the ratio of light ab- 
sorbed in the two halves is greater than unity, which means that there 
IS greater photochemical action in the back half of the cell As a 
increases, the ratio becomes progressively smaller, reachmg 1 at a 
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cntical value of a which corresponds to equal absorption of light in the 
two halves of the ceU 

Fig 3 shows the ratio of hght absorbed in the two halves of the cell 
plotted against a The horizontal hne through the ordinate 1 cuts the 



Fig Plot of the ratio of light absorbed in the back half of the cell to that 
absorbed in the front half, as determined bj the absorption coefficient The curve 
IS for a t\ pical cell ha\njig the radius 0 04 mm For this cell, a must be less than 
about 6 if more hght is to be absorbed in the back half The ordmate intercept 
1 26 IS the greatest differential absorption possible for cells of refractive index 
1 'S in air 

cur^ c at the critical % alue of a for equal photochemical action in the 
tv o hal\c5 With a cell of diameter 0 08 mm, this value of a is 
':]ighth greater than 6 As a approaches zero the amounts of absorp- 
tion become less and less their ratio approaching the limiting value 
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1 26 This IS the ratio of the summated light paths in the trio halves 
of the cell It evidently represents the maxunum differential absorp- 
tion of hght possible in a cylindrical cell of refractive index 1 38 
dluirunated ■mth parallel hght from one side m air A cell of diameter 
0 08 mm must therefore possess a fimte value of absorption coefficient 
somewhere between 0 and 6, in order that greater photochemical 
action may result in the far half 

For cells of different diameter, a famdy of curves similar to the one in 
Fig 3 IS obtamed, all havmg the same ordinate mtercept Curves 
for cells of diameter less than 0 08 mm have a smaller slope, and cut 
the dotted hne through the ordmate I farther out on the absassa 
Curves for larger cells have a steeper slope and mtercept the dotted 
hne at values of a less than 6 The larger the cell, therefore, the smal- 
ler this cntical value of a for equal photochemical action m the two 
halves of the cell In the absence of direct measurements, it cannot 
be assumed that cells of all sizes contain the same concentration of 
pigment If they did, the actual value of a m aU cells would have to 
be less than the smallest critical value found for the largest cells, 
smce all show positive phototropism 
Up to this pomt the partial reflection of hght back into the sporan 
giophore at the back w jl has been neglected In Fig 1 B the second 
ary rays reflected from the back wall of the upper quadrant of the 
cell are drawn Fresnel’s formula cannot be used to calculate ngor 
ously for each ray inadent on the back wall the mtensity reflected 
back mto the cell, m the way in which the reflection loss at the first 
mterface was calculated, because the hght which was ongmally 
refracted mto the cell was polarized to a vanable extent dependmg on 
the angles of incidence and refraction Use of Fresnel’s reflection 
formula as given above presupposes that the hght is impolanzed 

A rough indication of the amount of hght absorbed following partial reflection 
from the back wall raa> be obtamed by neglectmg this polarization effect, and by 
solving for the amount of absorption occurring m one typical reflected ra> 

Let /o “ mtensity of refracted ray entermg the cell 
/, = ' “ at back wall 

/j = ‘ ray reflected from back wall 

It = reflected ray where it passes mto the front half of the cell 

/, = * < at front wall of the cell 
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h = length of path of refracted ray in front half of the cell 
In — ** ** back 

4 = “ “ “ " reflected “ “ “ “ “ “ “ 

h = “ “ “ “ » “ “ front “ “ “ “ 

Then additional hght absorbed in the back half of the cell ivill be 

I: - h = h (l - 

and additional absorption in the front half of the cell ■mil be 

It — h = la {c~° 

Computations ha\ e been earned out for a t\pical raj' incident on the front of the 
cell at an angle of 48 4°, where the cell radius was taken as 0 04 mm , a as 1, /o as 1, 
and the partial reflection from the back wall as 3 per cent Under these circum- 
stances the other quantities are as follows 

7i = 0 0276 mm 72 = 0 9346 

k = 0 0399 “ /s = 0 0281 

/s = 0 0540 “ 74 = 0 0266 

/i = 0 0165 “ 75 = 0 0261 

Amount of hght absorbed pnor to reflection = Jo — h = 0 0654 

“ “ reflected hght absorbed - I 3 — Is = 0 002 

Reflected hght absorbed m back half of cell = I 3 — It = 0 0015 

“ “ » “ front " “ “ = 74 - 75 = 0 0005 

In the case of this t^plcal ra\ , three times as much reflected hght is absorbed m the 
back half of the cell as m the front, if further reflections are neglected Yet the 
reflected light w hich is absorbed is onlj 3 per cent of the absorption which takes 
place in the refracted ra^ prior to reflection 

The net efifect of the reflected light is therefore to increase shghtly 
the photochemical action in the back of the ceU relative to that in the 
front This action series to lower slightly the critical values of 
absorption coefficient which have been derived 

w 

Since protoplasm is not optically homogeneous, it is evident that 
hght passing through it undergoes some loss by scattenng, even though 
a cell of PJ \ con \ccs in air converges much hght to a sharp focus 
behind the cell {cf Castle, 1933) Some of the scattered hght is 
absorbed and the effect of the scattenng and secondary' absorption 
IS to increase the apparent value of the absorption coefficient of the 
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intracellular pigment As solved for m the previous section, a there 
fore represents the absorption coefficient of the pigment plus an 
undeter min ed factor for scattenng 
It has been shown that if Z is measured in millimeters, for a cell of 
diameter 0 08 mm a must be less than 6, the approximate cntical 
value for equal photochemical action m the two halves of the cell It 
cannot be said on the basis of the present measurements how much 
less than this a is Because of the small dimensions of the optical 
system of the cell, rather high values of absorption coefficient are 
compatible with the occurrence of positive phototropism 
Bendmg of a ceU of the Phycomyces type is surely due to a difference 
m the extensibihty of the wall on opposite sides of the cell With high 
turgor pressure as a dnvmg force, a shght difference m extensibility 
between opposite walls of the cell will lead to marled curvature The 
mechamsm outhned m this paper makes possible under the conditions 
descnbed the absorption of hght in one half of the cell up to an amount 
1 26 times that m the other half It is mterestmg to compare in this 
connection the observations of Massart (1888), who found that cells 
of Phycomyces placed between two sources of hght opposed at 180° 
bent perceptibly toward the higher mtensity when the ratio of in 
tensities on opposite sides of the cells was 1118 
It might still be objected that apart from photochemical considera 
tions, the mere concentration of light m the far half of the cell shown 
in Fig 1 A might somehow bnng about a larger growth response than 
m the nearer half, by virtue of an anomalous sensitivity to the higher 
mtensity There is no evidence to support this idea It is, m fact, 
shown incorrect by an ingenious expenment of Buder (1920) Spor 
angiophores placed m paraffine oil (refractive index = 1 47) exhibit 
negative phototropism, or bendmg away from a single source of hght 
Fig 1 C IS a diagram of the probable light paths withm such a cell 
surrounded by a medium of higher refractive index Under these 
circumstances the cell acts as a diqiersing lens No “concentration” 
of light occurs m the half of the cell nearest the light, yet a greater 
acceleration of grow th takes place there Buffer’s expenment there- 
fore strongly supports the present view that the longer total path of 
hght rays through the protoplasm of the far half of the cell is the 
significant factor m the phototropism of relatively transparent cells 
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If the method of analysis used in developing the theory of differential 
absorption of light ^vithin two halves of a cell is correct, plane polarized 
light might be expected to be more effective in produang phototropic 
bending when polarized in the plane of mcidence than at nght angles 
to it The amount of light entenng the front of the cell should be 
greater when the vibrations of the incident rays are in the plane of the 
paper m Fig 1 A than when the vibrations are perpendicular to that 
plane, although the energies of two such beams of light may be identi- 
cal Furthermore, the ratios of absorption m the back and front 
halves should be significantly different in the two cases 

SUMMARY 

A physical basis is demonstrated, in the case of a cylindncal cell 
illuminated with parallel light from one side, for greater photochemical 
action in the half of the cell farthest from the source of light, when 
the cell is surrounded by a medium of refractive index less than that of 
the cell Factors governing the balance and magnitude of unequal 
action of light in the two halves of the cell are the refractive mdex 
of the cell, the cell radius, and the absorption coefficient of the intra- 
cellular pigment A limiting value of absorption coefficient is de- 
duced vhich cannot be exceeded m cells of a particular size showing 
positive phototropism In terms of this mechanism the positive 
phototropism of P/iycomyccs in air is explained 
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INTRODUCTION 

Although the control of cell elongation in plant tissues by a special 
growth promoting substance or substances has been well established 
for some time, the processes by which this substance is able to brmg 
about growth have remained obscure Smee the general properties 
of the response to growth substance by plant tissues, in particular of 
the Avena coleoptiles which have been most extensively studied, have 
been recently summarized by Thimann and Bonner (1933), only the 
prmcipal pomts of mterest for the present discussion need be given 
These are bnefly as follows 

(а) The growth promotmg substance of the Avena coleoptile is pro 
duced only m the coleoptile tip and passes from there downward (Went, 
1928) After removal of the tip new growth substance is formed by 
the uppermost cells of the stump (“physiological regeneration," 
Hoik, 1926) 

(б) The growth of the Aiena coleoptile is for some time proportional 
to the amount of growth substance supphed to it (Thimann and 
Bonner, 1933) 

(c) The growth substance which enters the plant and causes growth 
cannot be recovered, j c , is used up (Went, 1928) 

(d) Growth substance is an unsaturated acid of empincal formula 
CisHjjOs (Kogl, Haagen Smit and Erdeben, 1933) and readily loses 
Its growth promoting activity by oxidation 

(e) The growth substance is a true hormone, i c , it acts m nunute 
amounts and bears no direct stoichiometncal relationship to the num 
ber of molecules of soluble substance transformed durmg growth into, 
for example, cell walls Thus one molecule of growth substance causes 
an amount of growth of the Avena coleoptile at 27°C which requires 
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the changing of 3 X 10® molecules of hexose to cellulose in cell walls 
(Thimann and Bonner, 1933) 

The changes in the physical properties of coleoptiles under the in- 
fluence of growth substance have been studied to some extent Heyn 
(1931), and independently, Soding (1931, 1932) have shown that the 
plasticit}”-, and also to a considerable extent the elasticity, of the coleop- 
tile IS increased after action of growth substance, and that this increase 
IS independent of whether growth has occurred or not, t e , this action 
of growth substance is prelumnary to active elongation Heyn also 
found an increase m extensibihty m coleoptiles which had been plas- 
molyzed after growth substance action, so that it is the physical prop- 
erties of the cell wall, and not of the protoplasm, which are changed 
The action of growth substance has now been further studied, and a 
few of the results will be described m the present paper This study 
has been made easier by discoveiy of the fact that short sections of 
coleoptiles grow at a rapid rate if immersed in a growth substance 
solution of suitable concentration 

This method of using coleoptiles is convenient because, under proper 
conditions, a large amount of growth takes place in a relatively short 
time, and the “physiological regeneration” mentioned m (a) occurs 
slightly or not at all It has the added advantage that the effect of 
knowTi concentrations of growth substance upon the growth of younger 
and older portions of the same coleoptile may be examined independ- 
ently 

Methods 

A'-cna plants of the pure line “Stegcs/iafer'’ were used and -were kindly supplied 
b\ Dr Akcnnann of S\alov The plants were grown in sand in the dark at a 
temperature of 25°C and a relative humidity of 85-90 per cent, and were used 
when 4 dav s old Tips 3 to 5 mm long were removed from the plants 2 hours be- 
fore using During this pcnod the plants use up a large part of the growth sub- 
stance alrcadv present in them and the production of grow th substance by the 
stump docs not commence '\t the end of the 2 hours thej were cut with a special 
cutter into sections in general 3 1 mm long and immersed m the solution to be 
investigated 

The grov th substance solutions, for which the author is indebted to Dr K V 
Th’mann were prepared from large scale culture of the fungus Rlnzopus smnus 
(Bon"e’’ 19>2, Thimann and Doll, 1933) The> vere purified to an actmtj of 
the ordc' o' 2 X lO”* mg per plant unit 
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Some of the growth measurements were made with a 12 power bmocular 
equipped with an eyepiece micrometer With this arrangement, the growth of 
free sections which were placed m small open dishes could he convemently meas 
ured For more accurate measurements, a horizontal microscope havmg an en 
largement of 15 diameters and equipped with a stand mounted upon a micrometer 
screw was used The coleoptile sections were placed upon thin glass rods of just 
the diameter of the mtenor of the coleoptile These rods were m turn mounted in 
parafiin inside a rectangular vessel with glass sides through which the growth of the 
sections could be easily followed 

It should be mentioned here that considerable vanabihty was found, 
in the reaction of sections to growth substance, both among plants 
of different experiments, and also to some extent among individual 
plants of the same experiment A part of this vanabihty is due, as 
will be shown, to shght differences m the ages of coleoptiles, but a con 
siderable portion is probably due to causes not yet understood which 
also bnng about vanations m the standard Avena tests for growth 
substance activity from day to day For this reason only the means 
of the results from a number of plants and several experiments can be 
regarded as significant 

EXPEWMENTAE 

The growth of sections of coleoptiles, prepared in the manner al 
ready descnbed, and immersed in pure water was first investigated 
Table I gives the results of two senes of measurements, and also a 
comparable senes of measurements of sections with their bases in 
water, but their tips m air It may be seen that the growth rate of 
the sections completely imm ersed m water falls steadily until after 7-8 
hours it reaches a very low value There is no sudden nse after 2 
hours correspondmg to a production of growth substance by the 
“physiological tip” as is the case with the sections whose tips were m 
air The growrth which took place m the sections immersed m water 
IS to be attnbuted pnncipally to growth substance in them when they 
were removed from the plants Table II shows that the elongation of 
sections m growth substance solution is marked, bemg as great as 29 
per cent m 4 hours and SS per cent m 24 hours 

It was conceivable that with these sections immersed in solutions, 
the rate of diffusion of growth substance to the cut surface which it 
enters, or the rate of diffusion of oxygen to the tissue, might prevent 
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a maMmum growth response Therefore measurements of the growth 
rates of sections both with and wathout stirring of the solution by air 
were made These results are given m Table III, and show that stir- 
nng of the solution is not necessary 

The effect of the original position m the coleoptile of a given section 
upon its response to growffh substance was then investigated That 
such an effect exists is shown by Table IV, which gives the per cent 


TABLE I 

Growth of Coleoptile Sections in Water 


Erpcriment 

Plants 

1 Growth in per cent of original length per hr 

1 hr 

2 hrs 

3 hrs 

4 hrs 

S hrs 

6 hrs 

7 hrs 



per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Per cent 

1 (tops m water) 

6 

1 8 

1 5 

1 2 

0 7 

0 6 

0 4 

0 4 

2 (tops in water) 

16 

0 8 

0 4 

0 1 

0 3 

0 0 

— 

— 

2 (tops in air) 

6 

2 5 

2 5 

4 0 

4 3 

4 7 

3 3 

— 


TABLE II 

Groiith of Coleoptile Sections in Growth Substance Solution and in Water 
(Each value is a mean from twelve-fifteen sections) 


Solution 

Growth ID 

2 hrs 

Growth in 

4 hrs 

Growth in 

24 hrs 

W ater 


per eent 

4 

per cent 

9 

W ater 


5 

7 

W ater 


5 

12 

Growth substance 1 

15 

24 

55 

Grow th substance 

13 

26 

45 

Growth substance 

1 

14 

29 

48 


growth per hour of sections from the tops and bottoms of a senes of 
prcMoush decapitated coleoptiles Table IV is taken from one of 
se\ cn cx-penments all of w hich gave the same result Similar measure- 
ments upon coleoptiles dmded into more sections showed that the two 
3 1 mm sections nearest the apex of a plant decapitated 3-5 mm from 
the tip ha\ e almost equal rcactmty The low er zones show ed, as m 
Table R a lower ability to grow m the presence of growth substance 
It has been knowm from measurements upon the growth rates of 
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entire coleoptiles (marled into zones with ink or paper marks) that 
the lower zones do grow more slowly than those nearer the top 
This has been attributed, however, to a lack of growth substance in 
the lower zones which must receive it through a long portion of coleop 
tile actively using the growth substance That this is not the only 


TABLE in 

Growth Rales of Coleopitle Sections in Grouth Substance Solution with and without 
Stirring by Atr 


Experiment 

Iso of 
sections 


Growth per 2 brs 


Total 

RTDWth 

after 

24 hrs 

2 hrs 

4 hrs 

6 hrs. 

S hrs 

10 hrs 

1 (no air) 

7 

pertfjU 

8 

per uni 

6 

per cent 

3 

per eeni 

peree l 

0 2 

Per cent 

16 

2 (no air) 

6 

9 

4 


2 

0 3 

19 

3 (no air) 

7 

7 

3 


— 

-- 

16 

4 (air) 

5 

7 

5 


— 

— 

22 

5 (air) 

7 

6 

4 

1 

1 

2 

14 

6 (air) 

7 

8 

S 

3 

— 

— 

21 

Mean of 1 2 and 3 

— 

8 0 

4 3 

2 7 

— 

— 


Mean of 4 3, and 6 


7 0 

4 7 

2 0 

— 

— 



Growth substance concentration » 10 units per cc 


TABLE IV 

Growth Rales oj Top and Bottom Sections of Coleoptiles in Growth Substance Solution 


Growth per hr 



Ihr 1 

2 his 

1 3 hrs 

1 ^ 

1 5 hrs. 

1 6 hrs 

7 hrs. 


percent 

per eeni 





per cent 

Top sections 


42 1 





2 4 

Bottom sections 


‘ 1 





0 9 


Growth substance concentration =» 10 units per cc 


factor IS shown here directly, since it is clear that the cells at the 
base of the coleoptile show a much smaller grow th response to growth 
substance than those nearer the top In the present work, unless 
otherwise stated, only the two 3 1 mm sections nearest the tip were 
used 

The effect of concentration of the growth substance solution upon 
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growth of the sections was determined, and is shown m Table V 
The units are the standard growth substance units of this laboratory 
(Dolk and Thun arm, 1932, Thimann and Bonner, 1933) From 
Table V it is eAudent that there is an optimum growth substance con- 
centration in the region of 10 units per cc Coleoptiles immersed 
m concentrations as great as 80 umts per cc show a shnnkage after 
4 hours and at the end of 24 hours have frequently lost their turgid- 
ity due, apparentl}^ to a toxic effect of the high concentration of 
growth substance A decrease m growth m very low growth sub- 
stance concentrations was also found A simple consideration wiU 
show that only m the case of the 0 01 unit solution can this be due 

TABLE V 


Effect of Grodlh Substance Concentration upon Growth of Coleoptile Sections 
(Each \'alue mean of 50-150 sections) 


G'crreth rubsUnce 
concentration 
standard units 

Growth m 

2 brs 

4 hrs 

24 brs 


fer cent 

per cent 

per cent 

SO 

3 3 

2 1 

0 4 

40 

4 3 

8 0 

7 2 

20 

7 4 

10 8 

15 4 

10 

11 7 

19 9 

31 0 

1 

S 4 

15 7 

27 0 

0 1 

6 5 

12 1 

17 5 

0 01 

4 5 

7 0 

15 5 

0 

3 3 

5 6 

11 9 


to an insufficient quantity of growth substance, and that even m the 
0 1 unit solution the decrease must be due directly to the low con- 
centration From the data of Thimann and Bonner (1933) 0 00535 
cc of a 29 umt per cc solution can give under their conditions a 
maximum of 7 85 mm of coleoptile elongation 1 cc of a 0 1 unit 
per cc solution could then give a maximum of 5 05 mm total coleop- 
tile elongation Since in general m the present case ti\ elve sections 
were placed m 4 cc of solution, these sections should be able to elon- 
gate a maximum total of 22 mm , or 59 per cent per section, which is 
much larger than the IS per cent obsen-ed In the case of the 0 01 
unit solution howcAer each section should be able to elongate only 
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5 9 per cent more than controls m pure water, and Table V shows 
that the increase is only 4 per cent 
Upon the theory that the action of growth substance is a simple 
physical change of cell wall, for example by decreasing directly m 
some way the viscosity of the substance m which cellulose micelles 
are imbedded (Heyn, 1931), one would hardly expect the action to 
be stopped by the presence of narcotics or cyamde If, however, 
growth substance depends for its action upon processes of a metabolic 
nature, narcotics or cyamde should inhibit this action It was eas 
ily demonstrated that both KCN and phenylurethane stop growth 
Table \U gives a summary of two experiments with \ anous concen 


TABLE VI 

Inhibitton of Growth of Cohopltle Sections by KCN and Phenylurethane 


Solution 

Growth 

Solution 

Growth 

Growth substance alone 

feretfU 

23 

Growth substance alone 

terctni 

20 

Growth substance + 2 X 10“* N 

5 

Growth substance + 0 001 per , 

23 

KCN 

Growth substance 4- 10"* n KCN 

2 

cent phenylurethane 

Growth substance + 0 01 per cent 

14 

Growth substance + 2 X 10** n 

1 _4 

phenylurethane 

Growth substance + 0 1 per cent 

2 

KCN 

Growth substance + 2 X 10”* N 

-3 

phenylurethane 

HjO + 01 per cent phenylure- 

3 

KCN 

HsO + 2 X 10”* N KCN 

-4 

thane 



trations of KCN and of phenylurethane and shows how marked is 
the stopping of growth Further experiments showed that the con 
centration of KCN which brought about cessation of growth is 1-2 
X 10~* N, and that 0 OS-0 1 per cent of phenylurethane brought 
about the same result The concentrations of KCN are of the same 
order as those necessary to affect the respiration of other plant tissues 
(Schwabe, 1932) 

That the growth resulting from growth substance does not occur 
in the presence of substances which stop metabolism suggests that 
the action of growth substance is itself mtimately associated with 
the metabohsm of the cell 
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Expenments were then earned out to determine whether a connec- 
tion between growth and cell oxidation exists The action of growth 
substance m solutions under an atmosphere of pure nitrogen was 
first investigated Commercial N 2 was passed over reduced copper 
in an electnc furnace at 600°C The gas was then cooled by passage 
through wash bottles, and bubbled through the solution containing 
the coleoptile sections A prehmmary experiment showed that growth 
substance is not affected in its activity by prolonged passage of No 
through it The sections were freed of O 2 by treatment with No 
for 2 hours before introduction of the growth substance solution 
After this prehmmary 2 hours, sufficient growth substance was in- 
troduced to make the solution 10 units per cc , and the bubbling was 


TABLE VII 

Inhibition of Growth of Coleoptile Sections by Nitrogen 


Experiment 

Xo of sections 

Growth after 

4 hrs in Ns + 
growth substanee 

Growth after 

20 hrs in air + 
growth substance 

Growth after 20 
hrs m air + HsO 



per cent 

per cent 

per cent 

1* 

20 

4 5 

17 

— 

2 

26 

2 9 

21 

— 

3 

25 

1 7 

— 

3 8 

4 

33 

1 4 

28 

8 0 

5 

46 

1 4 5 

13 

4 5 


* In this experiment the sections were not first freed of oxj gen 


continued for 4 hours more The sections were then measured, 
a portion of them placed in grov th substance solution in air, and the 
remainder in pure H 2 O, in air Table VII shous the results of five 
expenments The coleoptiles vere not harmed by the prolonged 
lack of O 2 as IS shown by the fact that they grew normally upon being 
supphed vith both growth substance and oxj'gen However, a mean 
grow th of onl} 3 per cent took place in N 2 , although from Table V, 
20 per cent growth would ha\c taken place in air That even this 
3 per cent grow th takes place is probably to be attnbuted to O 2 re- 
maining m the sections Therefore normal grow th fails to take place 
in N; Since the sections do not elongate, when placed in pure H:0, 
to an\ greater extent than when immersed in H:0 without the pre- 
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Iraunary growth substance N treatment, it follows that either the 
action of growth substance has not taken place or else the growth 
substance has not been taken up by the sections 

The effect of the presence of 3s.CN and of lack of oxygen in stoppmg 
growth suggested that a more intimate study of the effect of growth 
substance upon respirabon be made This was done with the aid 
of the standard Warburg manometers and using the technique de 
scribed by Warburg (1926) The rate of respiration of the sections 
was found to be rather low and therefore it was necessary to use vessels 
having as small a gas space as possible in order to obtain measura- 
ble decreases in pressure due to Oj uptake These vessels did not 
contain alkah wells for absorption of CO , but depended for a de 
crease in pressure due to respiration, upon the greatly different solu 
bilities of COj and Oj in the liquid present The absolute amount 
of 0 taken up m respiration may be calculated from the observed 
pressure change in the manner given by Gaflron (1929) This calcu 
lation requires a knowledge of the respiratory quotient Smee a 
prehminary determination showed that tlus quantity is close to unity 
for both sections m growth substance and sections in pure buffer, 
all of the subsequent calculations were based upon the assumption 
that the respiratory quotient was actually 1 This procedure is justi 
fiable since the measurements are pnncipally for purposes of com 
panson 

From 89 to 150 sections (including the basal portions of the stump) 
were placed m each vessel in m/50 phosphate buffer (pH = 4 8) The 
vessels were then attached to the manometers and placed upon the 
shaking rack, with the vessels immersed in a thermostat at 25° 
These operations were earned out in red hght in order not to cause 
any phototropic reactions in the sections Some hours were needed 
for the respiration to reach a constant value after immersion m the 
vessel This undoubtedly was due to an initial high rate of respira 
tion of the wounded tissue at the cut surfaces After a constant rate 
had been attained, suffiaent grow th substance to make up the desired 
concentration was introduced into one of a pair of vessels The con 
trol vessel was either untreated, or, alternatively, a volume of water 
equal to the volume of growth substance solution used m the first 
vessel was introduced Tig 1 shows the course followed by the rate 
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HOURS AFFER CUTTING OF SECTIONS 


Fig 1 Effect of grow th substance upon the rate of oxygen uptake by coleop- 
tile sections At the arrow there were introduced A , grow th substance, 110 units 
per cc ,5, growth substance, 110 units per cc inactivated, C, growth substance, 
1100 units per cc 


TABLE Vni 

Effect of GroTvlh Substance upon Respiration of Coleoptih Sections 
fhlean values of two to seven determinations) 


Growth subsUnce 
concentration 

Increase in 0: uptake over initial respiration rate, mm * per 
section per mm 

Age of 
coleoptile 

Dunns first 2 hrs 

Dunns second 2 hrs 

1 

Increase 


Increase 

urits f^r cc j 


per cent 



days 

1100 

-0 0022 

-24 

-0 00S3 


4 

110 

+0 OOlS 

19 

+0 0014 


4 

11 

+0 0025 

27 

+0 0024 


4 

1 I 

+0 0013 

14 

+0 0017 


4 

0 11 

±0 0000 

0 

+0 0003 


4 

no 

+0 0021 

31 

+0 0012 

21 

5-0 


of ox'xgen uptake in three typical expenments It is clear that the 
addition of growth substance to a concentration of 11 units per cc , 
♦f a concentration which causes growth (see Table V), causes a 
marked increase in oxwgen uptake A similar increase was found in 
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every experiment in which a suitable concentration of growth sub 
stance was used 

The effect of growth substance concentration upon the stimulation 
of respiration was next investigated Table Vm gives the summa 

TABLE IX 


Effect of KCN and Phcnylurethane on Respiration of Coleoptile Sections 


Eipenmeot 

Solution 

RespmtIoQ in 

tnm » 

Ot per min per 
BCCtlOD 

1 

Successive additions to buffer soIuUon 
(Initial rate) 

0 0079 


KCN 5 X 10-*N 

0 0074 


KCN 1 X icr»N 

0 0003 


Growth substance 110 umts per cc 

0 0001 

2 

(Imtial rate) 

0 0061 


Growth substance 110 umts per cc 

0 0094 


KCN 5 X 10^ N 

0 0099 


KCN 1 X 10-* N 

0 0001 

3 

(Imtial rate) 

0 0069 


KCN 8 X 10-*N 

0 0005 


Growth substance 110 umts per cc 

0 0003 

4 

(Initial rate) 

0 0090 


KCN 1 X 10'»N 

0 0005 


Growth subsUince 110 umts per cc 

0 0004 

5 

(Imtial rate) 

0 0069 


Urethane 0 005 per cent 

0 0073 


Urethane 0 025 per cent 

0 0088 


Growth substance, 110 umts per cc 

0 0107 


Urethane 0 05 per cent 

0 0030 

6 

(Imtial rate) 

0 0094 


Urethane 0 05 per cent 

0 0012 

1 

Growth substance 110 units per cc 

0 0007 


nzed results for a wide range of concentrations The maximum 
stimulation is caused under these conditions, in the neighborhood of 
11 umts per cc Stimulation is also caused by concentrations ten 
times as great, although such concentrations are shown by Table V 
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to inhibit growth It should be remembered, however, that the 
number of sections per cubic centimeter of growth substance solu- 
tion was in the respiratory vessels five tunes that m the vessels in 
which growth was measured A still higher concentration of growth 
substance may be seen to be immediately toxic to the respiration 
The 1 1 unit per cc solution also stimulates respiration markedly, 
the Oil unit solution slightly, if at all 

Before further discussion of Table VIII, a few other results will 
be described Fig 1 includes the effects which were found to result 
from the addition of growth substance inactivated by oxidation with 
H 0 O 2 It was then determined whether the respiration, and the 
addition “growth substance respiration” in particular, could be 
stopped by the concentrations of KCN and phenylurethane which 
stopped growth That the respiration is so stopped is shown by 
Table IX From this table it is also apparent that the additional 
growth substance respiration does not markedly differ in its sensi- 
tivity to the two inhibitors from the normal respiration, and this 
may be taken as evidence that the two are actually identical 

DISCUSSION 

A simple calculation shows that the mcrease m respiration cannot 
be due to actual oxidation of the growth substance itself Under 
the conditions of the experiment all of the growth substance could 
be completely removed by the observed mcrease in oxidation in 2-3 
minutes Therefore the effect of growth substance is due rather to 
some kind of stimulation 

In Table VIII it was shown that coleoptdes which were used for 
respiration measurements at the age of 5-6 days instead of the usual 
4 dajs give an increase in respiration upon the addition of growth 
substance hleasurements upon these sections from “old” coleoptiles 
showed that they do not, hov ever, elongate in the presence of grow th 
substance Therefore the increase m respiration upon the addition 
of growth substance is not due to the process of actual elongation 
Howe\er, from Tables VI and VII it is clear that in order for elonga- 
tion to occur, or probably e\ en for grow’th substance action prehm- 
mar\* to elongation, the presence of aerobic metabolism is necessary' 

There remain two possibilities, namely (a) the stimulation of 
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respiration by growth substance has nothing to do with its action 
in growth, and is a secondary phenomenon attending its presence or 
the presence of closely allied impurities in the ceU, and (b) the stimu- 
lation of respiration by growth substance “prepares” the cell for 
elongation, which may then occur if other conditions are suitable 
Schwabe (1932) has shown that various ammo acids in minute quan- 
tities stimulate the respiration of Elodea, Fonltnahs, and Poiamoge- 
ton These substances do not, as far as mvestigated, bnng about 
growth m Avcna coleoptiles In favor of the second alternative, the 
followmg parallels between the mcrease m respiration upon the ad 
dition of growth substance and the growth of these coleoptile sec 
tions may be pomted out (a) Low concentrations of growth sub 
stance cause growth, they also stimulate respiration (b) High 
concentrations of growth substance inhibit growth, they also inhibit 
respiration (c) The optimal concentrations tor the two processes 
are similar (d) Both growth and (by definition) aerobic respira 
tion cease m the absence of oxygen, even in the presence of growth 
substance (e) Both growth and respiration (as well as the excess 
“growth substance respiration”) are stopped by the presence of 
KCN (IQ-’n), or phenylurethane (0 05 per cent) 

These parallels between the mcrease of respuration by growth sub 
stance and the effect of growth substance m promotmg growth make 
It seem possible that the former is a necessary condition of the latter 
That the increase of respiration can take place without accompany 
mg growth, as it does in the old coleoptiles, does not exclude this 
possibihty, smce the old coleoptdes are stiffer and less plastic (Du 
Buy, 1932) It imght be argued, for example, that although growth 
substance exerts m these old coleoptiles its general action, yet these 
sections are already too stiff, due to excessive thickening of the cell 
walls, to permit of extension by the turgor pressure. 

A connection between growth substance activity and respiration 
IS supported from another angle by the work of Van Ameqden (1917), 
who showed that phototropic and gcotropic response do not take 
place in nitrogen 

The relation between the respiratory activity of grow th substance 
and the mcrease of the plasticity of the cell walls observed by Hejm 
and Sodmg remains obscure, however There are several conceiv 
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able mechanisms b}’- which this result might be brought about and a 
detailed investigation of this question is now under way 

SUMMARY 

1 Sections of Avcna coleoptiles are found to show a considerable 
elongation when suspended in solutions of growth substance 

2 This elongation does not take place in the absence of O 2 and is 
inhibited by KCN and phenylurethane 

3 The rate of respiration of sections of coleoptiles is increased by 
the addition of growth substance in concentrations which cause 
gronth High concentrations of growth substance inhibit growth 
and also respiration 

4 The increase m respiration is inhibited by KCN and phenylure- 
thane m the concentrations which inhibit normal respiration These 
concentrations are the same as those which inhibit growth 

5 From 2, 3, and 4, it seems possible that the increase in respira- 
tion caused by growth substance may be an essential part of its ac- 
tion in grow th 
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ELECTRICAL RESPONSES FROM LATERAL-LINE NERTOS 
OF FISHES m* 


Bv HUDSON HOAGLAND 

(Frtwt the Phystohgtcal Lahoratory^ Clark Umverstty, Worcester) 
(Accepted for publication, June 22, 1933) 

I 

Lite lateral lute nerve of the catfish Amttttrus nchtlosus has been 
found to be normally in a state of contmuous activity due to the repet- 
itive discharge of impulses arismg from the neuromasts (Hoagland, 
1932-33 a, b) Responses of the neuromasts to a vanety of me 
chanical stimuli were found to tale place agamst this bacLground of 
“spontaneous” activity, no responses to mechamcal stimulation occur- 
ring m the absence of the contmuous activity The response was 
found to be modified by mechamcal stimulation of the neuromasts, in- 
cluding vibrations from tumng forks, and also by temperature, the fre 
quency of the discharge of nerve impulses vanes nith the temperature 
of the receptors according to the Arrhenius equation, yielding a mean 
composite temperature characteristic of 5000 calories 

The structure of the lateral bne sysiem facihtates mvestigation 
since the mechanoreceptors are linearly arranged in groups, forming 
a sort of extended ear It has been possible to analyze quantitatively 
nerve impulses set up by various numbers of receptor groups By 
cuttmg away most ol the receptors, and bv chilling the remaining ones, 
impulses have been recorded from single fibers of the lateral bne nerve 
(Hoagland, 1932-33 i) The observations have been extended TOtb 
brook trout, Salvelmus fontinahs, and rainbow trout, Salvio trtdeiis 
shasta (gairdnen), both of which show vigorous spontaneous activity 
of the lateral hne system similar m many respects to that described 
for Ammtrus 

• The expenses of this work have been defrajed in part bj a grant from the 
Permanent Science Fund of the American Academy of Arts and Saences 
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The procedure consists in baring the lateral-line nerve a centimeter 
behind the head and dissecting it free for 1 or 2 cm It is then tied, 
cut cephalad, and the freed length is dravm across silver-silver chloride 
electrodes connected to the recording system The action potentials 
of the nerv e are amplified and recorded by an iron armature oscillo- 
graph (hlattlievs, 1928) used in conjunction with a camera and a 
standing wave screen A loud speaker makes the amplified action 
potentials audible 

The spontaneous activity of the lateral-lme nerves of trout was 
found, in general, to be considerably more vigorous than that of cat- 
fish {cf Hoagland, 1932-336, Fig 6 c) This is probably due to the 
fact that more sensory units are active m the trout There are usually 
over a hundred lateral-lme pores posterior to the place of operation m 
trout In the catfish there were seldom more than thirty-two As 
V as found in the case of the catfish, responsiveness of the neuromasts to 
mechanical stimuli is only manifest m preparations showing the spon- 
taneous discharge Five out of fifty-two lateral-line nerves of trout 
showed complete lack of all activity (c/ Hoagland, 1932-336) 
Responses to movements of the water bathing the fish, and to bend- 
ing the trunk, w ere similar to those described for catfish Ripples m 
the w ater, currents of w ater, stroking the flank, and bending the trunk 
all increase the discharge, but the effects on the photographs were 
parth obscured by the great \ngor of the background of spontaneous 
acti\ ily Tuning forks applied to the outside of the vessel containing 
the immersed fish appeared to increase the discharge in some cases 
during the time of application, but this response w'as never as clear as 
It sometmics is with catfish (cf Hoagland, 1932-33 a) 

It was prcvioush suggested that the receptors of the lateral-line 
responding to touch and mo\ements of the trunk might be different 
from those producing the spontaneous actiMty Ihis suggestion was 
bast-d on the fact that in the catfish it appeared that additional nerve 
I oen? are bmught into actiMU b\ these stimuli, guing, on the whole, 
larger action DOtcntials than those rcpctitiveh firing in the absence of 
e'le’-nal ‘^I'Piulation (Hoagland, 1952-33fl, Fig 2) Ihat a dual 
gro ’o of receptors exists is indicated b\ Fig la ITiis shows im- 
oue to stroking the skin with a feather above the lateral-line 
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canal, after slicing through the lateral-line system in a catfish posterior 
to the region of e\it of the nerve, in such a way as to leave only one 
active group of neuromasts With the single neuromast group giving 
only sporadic impulses the additional impulses set up by the feather 
strokes clearly occur in nerve fibers, as judged by the all-or-nothing 
height of the potential waves, which are difterent from those spontane- 
ously discharging 

In catfish the tactile receptors, as judged by their responses to 
touch, are located along the entire length of the canal with their maxi- 
mum distribution m the anterior portion of the trunk In trout the 
maximum distribution of tactile receptors is found in the posterior 
part of the lateral-line canal within several centimeters of the tail 
Stroking this region of the trunk above the canal produces vigorous 
bursts of impulses against the background of the spontaneous dis- 
charge Few impulses are produced in trout by stroking the flank at 
a level with, or cephalad to, the dorsal fin If one hangs a dead 
trout tail down and bends the body from the tail, the place of 
maximum bending occurs at a position coinciding exactly with the 
region of maximum distribution of tactile receptors found by means 
of the electrical recording technique 

The distribution of special pressure receptors along the lateral-line 
canals of trout and catfish is interesting m the light of the general 
habits of the two forms Catfish are sluggish animals showing dis- 
tinct negative phototropism and feeding along the bottom mostly at 
night The region of maximum distribution of the pressure receptors 
of the lateral-line canal occurs well forward in the trunk m a position 
where the receptors might be stimulated by contact with objects in 
the course of the animal’s progression Reflex swimming movements 
excite these receptors (Hoagland, 1932-33fl), presumably by pressure 
from surrounding tissues In this wa}'' they may serve as propriocep- 
tors In trout V Inch are active and vigorous swimmers and which are 
not conspicuously negatively phototropic the pressure receptors are 
located in a position near the tail where direct tactile stimulation by 
obiects m the u ater v ould be x er^' unlikely to occur Their position 
for proprioception is, ho\\e^er, ideal The remarkable control of 
trout OA er their s\\ miming movements may, in part, depend on this 
more eflicient distribution of pressure receptors responding to trunk 
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flexion The threshold of excitation to flexmg as indicated by the ex- 
tent of bendmg necessarj to produce impulses, is lou er in trout than m 
catfish Figs 1 i and 1 c show responses of trout pressure receptors 
to stroking the skin over the lateral line canal Exactly the same 
effects are produced by concave flexmg of the trunk As judged by the 
density of nerve impulse discharge recorded by the loud speaker when 
the skm is explored by a pointed instrument, the cutaneous region 
directly over the pores of the trout lateral hne shows maximum sensi- 
tivity In catfish the pores seemed no more sensitive than the region 
of skm between them If one fills a medicine dropper with water and 
holds the submerged tip several millimeters above an immersed lateral 
hne pore, m the region of maximum distribution of tactile receptors m 
trout, one obtams nerve impulses m response to extremely hght com 
pression of the bulb of the dropper Very slight downward movement 
of the column of water stimulates The threshold for the fish receptors 
IS considerably lower than that for pressure receptors m the human 
finger tip, smce under similar conditions the bulb of the dropper must 
be pressed considerably more m order to excite tactile sensations from 
immersed finger tips 

In the experiments made in obtainmg Figs 1 h and 1 c the lateral 
line nerve was drawn across the electrodes just anterior to the region 
of maximum distnbution of tactile receptors near the tad By taking 
the nerve from the flank to the electrodes from the postenor region of 
the trunk just antenor to the region of maximum distribution of tac 
tile receptors, one gets a preparation m which there remam only some 
20 (mstead of 100) neuromast groups supphed by the ner\ e and con 
tnbutmg to the spontaneous activity If one now shces through the 
lateral hne system a centimeter caudal to the region of exit of the nerve, 
a preparation is obtamed m which only a fen neuromasts are spontane 
ously active Impulses mitiated by stroking or flexmg the body stand 
out clearly against the background of reduced activity (Figs IJ, 

1 c) , these occur m fibers not normally concerned m the spontaneous 
activity, smce the potentials of the individual fibers set up m response 
to the stimulus are clearly larger on the average than are those of the 
spontaneous discharge 

In both trout and catfish impulses are set up onl> on the side in which 
compression of the receptors occurs, » e , the side of concave bendmg 
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Straightening and convex bending of the side do not produce impulses 
The threshold for the effect of bendmg is lower in the trout than in the 
catfish Adaptation of the response to bendmg or direct pressure is 
very rapid, impulses other than the spontaneous discharge are set up 
only m response to changes m the stimulus In sw immin g, receptors 
on the two sides are discharged alternately corresponding to bendings 
of the flank, at frequencies depending upon the speed of movement 
These impulses may serve a useful proprioceptive function despite the 
fact that experiments in which lateral-hne nerves have been cut do not 
as a rule show marked disturbances of normal swimrmng movements 
Disequflibration reported from time to time by different mvestigators 
resultmg from lateral-line nerve cuttmg may be due to mterference 
with proprioceptive impulses, although my own observations mdicate 
that httle if any disequflibration m normal swimming results from 
cuttmg the lateral-hne nerves It is more probable that the proprio- 
ceptive impulses may serve a tome, reinforcing function for vigorous 
sw immin g, since the amount of the discharge mcreases both with the 
extent of flexion and with the rate of flexion 

SUMMARY 

Evidence indicates that lateral-hne fibers, other than those mediat- 
ing the “spontaneous” activity of the lateral-hne receptors, are 
brought mto play in response to pressure stimuli in catfish and in 
trout 

The distnbution and mode of stimulation of mechanoreceptors along 
the lateral-hnes of trout and catfish are discussed in relation to the 
natural actmties of these forms 
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SOME METHODICAL ERRORS WHICH MAY ARISE IN THE 
DETERMINATION OF BOUND WATER* 

By henry b bull 

{From the Dmston of Agnaillurat Btochemtstry Vnncrsily of Minnesota, St Pant) 
(Accepted for publication June 21 1933) 

“Bound water” has been a subject of unusual interest to the phy- 
siologist (1) in recent years and many papers of ment have appeared 
upon the quesbon 

These methods and concepts of the physiologist have been attended 
by a parallel development in the realm of pure physical chemistry 
Thus Polanyi el al (2) have developed the so called potential theory of 
adsorption and have studied the decrease in the adsorption potential 
as the distance from the particle is increased This adsorption poten 
tial IS calculated by means of the equation 

p 

A =.Rr In- 
in which Pj IS the vapor pressure of the hquid at the given temperature 
and P is the vapor pressure of the material in equihbnum -with the 
adsorbed material It is the adsorption potential which determines 
the extent to which the vapor pressure of a gas is to be reduced upon 
approachmg a sohd surface On the immediate surface the potential 
IS exceedingly high, the vapor pressure and the fugaaty of the gas are 
low Assuming for the moment that we are dealmg with some hqmd 
below its critical temperature, perhaps water, we can then say that its 
activity has been correspondmgly reduced As we increase the amount 
of water vapor present we eventually reach the saturation point It is 
hard to see how the addition of further water could change the situa 
tion In other words, if the substance with its adsorbed water were 
immersed in water the condition at the surface would not be changed 
We should have under these conditions what the physiologist has been 

•Paper No 1194 Journal Senes, Minnesota Agricultural Experiment Station 
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calling “bound water ” Its activity has been decreased and its abihty 
to dissolve substances has been correspondingly diminished This, it 
seems to the author, is the physical picture of bound water 
If, however, we add to this system a small amount of some solute — 
perhaps sucrose — we upset the conditions This same potential vhich 
contributed to the diminution of the vapor pressure and activity of 
the water now diminishes the activity of the sucrose which comes m 
the proxunity of the solid surface The sucrose has been adsorbed 
The author is aware that Polanyi has endeavored to apply his adsorp- 
tion theory to solutions -with but small quantitative success How- 
ever, the author does feel that the theory is a sound one and that the 
lack of quantitative agreement is due to the extremely complicated 
situation In any event, however, that the solute can be adsorbed by 
colloidal material has been demonstrated a great many tunes and is a 
fact, whatever may be the theory by which we account for the phe- 
nomenon 

It appears to the author that adsorption of the solute by the sub- 
strate may be a source of large errors and it may turn out that this is the 
principal cause of disagreement so generally noticed between the 
results of different workers It is true that it has been recognized 
that adsorption might play a role, but there seems to be a lack of 
appreciation of size of errors which might result from a relatively small 
adsorption of the solute 

In a recent paper Greenberg and Greenberg (3) presented results 
obtained from a study of the concentration of the solute in the ultra- 
filtrate from certain colloidal matenals This concentration was com- 
pared wth the concentration of the solute in the onginal colloid 
They proposed the follo^vlng equation 



where h is the bound water per gram of colloid, P is the amount of the 
colloid per gram of total v ater, Cj- is the concentration of the reference 
substance per gram of total water in the system, is the concen- 
tration per gram of water of the reference substance m the ultra- 
filtrate They presented data from which the bound water might be 
calculated by the use of this equation The author has used their 
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data and their equation for bound water and has calculated the amount 
of water bound or associated with each gram of colloid This has 
been done both for gelatin and casein The results of these calcula- 
tions are presented m Tables I and II 

The results can be seen to be extremely erratic In some cases a 
tremendous amount of negative bound water is found (Table I, 0 0254 
per cent gelatin, 0 075 N HCl, and 0 00140 gm /cc urea) In five 
cases the amount of bound water is zero In others a positive value is 
found From these erratic results we can judge that the method is 
capable of only a small degree of accuracy Assuming, however, for 
the moment that the experimental results describe completely the 
actual conditions, we make the further assumption that 5 per cent of 
the solute is adsorbed, i e , bound by the substrate — surely a modest 
estimate We have then recalculated the data with the results as 
shown in Column 9 of Table I and Table II 

We have used in these calculations the modified formula 



where 5 is now the amount of the solute adsorbed per gram of total 
water 

It can be seen that this small correction changes the final values m 
some cases by over 300 per cent and m many cases the mysterious 
negative bound water becomes a more reasonable positive value This 
represents a senous and drastic revision of the results and conclusions 
of Greenberg and Greenberg 

SUMMARY 

The “bound water” hypothesis has an adequate theoretical basis 
A relatively shght adsorption of the solute along with water molecules 
(bound water) will explain the failure of certain technics to demonstrate 
the existence of bound water in biochermcal systems 

I vash to thank Dr R A Gortner for his helpful criticism of this 
paper 
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ANESTHESIA PRODUCED BY DISTILLED WATER 

By W J V OSTERHOUT and S E HILL 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, June 21, 1933) 

Experiinents on Nttella^ show that the cells lose their imtabihty 
when transferred from pond water or from a nutrient solution to dis- 
tilled water The process appears to be perfectly reversible as the 
normal irritability returns when the cells are replaced in the nutnent 
solution Hence anesthesia appears to be produced by removmg some- 
thing from the cell 

The recording apparatus is essentiallv an electrostatic short penod voltmeter,* 
consistmg of a Cambridge Type A string galvanometer with thenmomc amplifier 
The circuit arrangement is shown m Fig 1 A selected 201 A vacuum tube with a 
grid to cathode d c resistance of over 100 megohms at free gnd potential is 
employed This is used at free gnd potential without a gnd leaL under which 
conditions the error m measurement of potential of a Nitella cell is less than 1 per 
cent By the use of a senes calibration (Pj) the error is reduced to a ncgh^le 
value 

In operation, the plate-circmt resistance is adjusted until equal to the mtemal 
resistance (plate cathode) of the tube at free gnd 

The gnd biasmg potentiometer (P*) is then adjusted to free gnd potential 
The Nitella cell or a calibration potential may now be thrown mto the gnd circuit, 
and the sensitivity of the instrument brought to the recjuired value by use of the 
galvanometer shunt Pi or by changing the tension of the strmg 

By operatmg at free-gnd potential the gnd current is kept at a minimum value 
and the galvanometer is protected if the circuit is acadentally opened The use of 
plate circuit resistance equal to the internal resistance of the tube gives maximum 
power amplification Ample power is secured to operate the stnng galvanometer 
while drawing minimum current from the cell under examination 


^ This IS Nitella flexilis Ag the speaes used in all previous work from this 
laboratory 

Osterhout, W J V , and Hams, E S , P Gen Physiol , 1927-28 U, 391 
OsterhoutjW J V and Hill SEP Gen Physiol 1929-30 13,547 1930-31,14, 
385, 473 Blinks L R. P Gen Physiol , 192*^-30 13, 361 
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Reference to Fig 2 will show the reason for emplo 3 Tnent of the amplifier The 
voltage evistmg m the Natella cell is distributed across Rx and m direct propor- 
tion to their resistance Four tunes the voltage apphed to the grid circmt (R 2 ) of 
the 201 A tube is generated m the plate-circuit (Rg) which has only about 1/40 



Fig 1 Themuomc amphfier for galvanometer 
G = Cambridge Type A strmg galvanometer 



Es 


Fig 2 SchemaDc diagram of vacuum tube amphfier emplo}Tng 201 A radiotron 
EiRi = ^ oltage and resistance of NttcUaczM 

£2 = cabbratmg e M f from source of neghgible resistance (50 ohms per volt) 

= gnd to cathode resistance of 201 A radiotron 
Rz = plate to cathode resistance of 201 A radiotron 

the resistance of the Xttella cell The sensitivity of the galvanometer is about 160 
times as great as it vould be without the amplifier, while the current drawn from 
theX:!eI!a cell is less than 1/100,000 of that which would be drawn bj thegalvanom- 
eter if connected direct to the Xttella cell 


25,00052 
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The temperature in all experiments was 21-23°C The expen- 
ments mth distilled u ater were earned out in the following ways 

1 Mass Cullures 

Cells were placed m a covered pan of enamelled ware containing a 
mixture of electrolytes which will be called Solution A These gave 
action currents for 2 weeks’ durmg which penod they were tested 
frequently Solution A was then replaced by distilled water and left 
until their irritability was lost When these cells were replaced m 
Solution A most of them regamed their former imtabihty m 2 days 
m some of these which were kept in distilled water for 8 days anesthe 
sia doubtless lasted a week smee imtabdity probably disappeared 
in a day 

“Loss of imtabihty” as used m this paper means loss of ability to 
respond to a definite stimulus which was approximately the highest 
that could be applied without danger of injury (see p 93) This was 
dnect current applied for 3 seconds by means of two silver silver 
chloride electrodes placed (about 1 cm apart) at one end of the cell 
A cell which does not respond m this length of time wiU not do so when 
the stimulus is prolonged indefinitely 

Cells were regarded as showing normal imtability when they re- 
sponded to SO to 160 mv apphed m this manner In this e’qieriment 
cells which did not respond to 400 mv were regarded as havmg lost 
their imtabihty 

In a typical expeninent such as is desenbed above 25 cells were kept in Solution 
A for 2 weeks and all gave action currents (with 160 mv ) before bemg placed m 
distilled water But of the 23 cells aUve after 1 day m distilled water only 48 per 
cent responded and of the 21 ahve after 3 days only 9 per cent responded Re 
placed in SoluUon A 50 per cent responded after 1 day 70 per cent after 2 day s 77 
per cent after 3 days, 77 per cent after 4 days and 87 per cent after 10 days 
(During the experiment 68 per cent of the cells died no account is taken of these 
m making up the percentages which refer only to the hving cells ) There was no 
loss of imtabihty durmg 16 day s in the control cells kept m Solution A except m 
dead cells (46 per cent of these cells died m 10 days and53percentinl6 days) 

The cells placed on paraffin blocks were surrounded by moist air except where 

’ Cells often remamed normal under these conditions for 10 weeks or more 
(each was a single cell from which neighbonng cells had been cut away) 
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the contacts, consisting of moist cotton, were apphed The contacts were about 1 
cm apart 

The water was redistilled, usmg a pj-rex glass flask and condenser, and rejectmg 
the first third of the distillate (baffle plates were used to prevent mechanical 
contammation) 

Solution A contains 

CaCla 0 001 ii Citrate 0 00001 M 

NH 4 CI 0 00025 M Tartrate 0 00002 m 

hIgCl" 0 00025 M Phosphate 0 00003 ir 

NaHCOs OOOlM 

To 1000 parts of this 1 part of sea water was added 

2 Individual Test-Tubes 

In order to foUow the behawor of individual cells 40 test-tubes were 
filled with Solution A and a cell was placed in each Each of these 
cells gave action currents when stimulated electrically (160 mv ) Solu- 
tion A was replaced by distilled water and the cells were agam tested 
24 hours later, at which tune all responded 
Let us now consider the behavior of a typical cell (No 3) After 2 
days m distilled water it still gave action currents but after 3 days it 
no longer responded when 300 mv were applied and it was therefore 
regarded as havmg lost its irntabUity It was then transferred to 
Solution A and 24 hours later gave action currents this was also true 
2 days later when the experiment was discontmued 
We see that abihty to respond to 300 mv disappeared m about 3 
daj's in distiUed w ater and was regamed in Solution A in about a day 
Control cells, kept m Solution A , showed no loss of irritability (except 
m the case of those that died durmg the experiment) 

LeaNTUg out of account 23 cells which died^ durmg the experiment, let us con- 
sider the 1 7 which sur%nved to the end (7 da} s) All w ere treated like Cell 3 Of 
these, 7 beha^ed hke Cell 3 and the rest differed only m mmor details (with the 
exception of 2 which contmued to give action currents throughout the entire 
expemnent) For example, 4 lost their irntabihty more quickly than Cell 3 at 
the start (: c after 1 da} m distilled water) but all save 1 regamed them irntabihty 
just as quickh as Cell 3 when transferred (on the 5th day of the experiment) from 


* The mortahtx seems to be due prmapall} to the handlmg of the cells w'hich 
ha\ e to be remox ed from the test-tubes for each test Cells kept continuously m 
Solution -4 die much more qmckl} when handled than otherwase 
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distilled water to Solution A IVhen this transfer was made all the cells except 4 
had lost their imtahihty but all save* 2 regamed it m 24 hours m Solution A 
All the cells responded when the next test was made 2 daj-s later {8th day of the 
experiment) 

In order to see whether the restored imtabiUty could again be 
removed another expenment was made with a lot of 40 cells A 
typical cell (No 7) lost its irritability after 1 day m distilled water 
(no response to 500 mv ) tests on the 2 followmg days showed that 
this condition persisted It was then transferred to Solution A where 
it regamcd its imtabibty in 1 day a test on the following day showed 
that it was still responsive It was then transferred to distilled water 
and a test 2 days later showed that it had again lost its irritability 

Hence it is possible to remove irritability, restore it, and take it 
away again 

I^vmg out of consideration the 29 cells which died during the eipcrimcnl, we 
may say that the 11 which survwed to the end of the expenment (8 days) agreed 
with Cell 7 except in ramor details Thus at the start 6 were slower than Cell 7 m 
losmg imtabdity (4 required 2 days and 2 required 3 days m distilled water) 
When the cells were afterward transferred to Solution A (after bemg 3 days m 
distilled water) 2 were slow er than Cell 7 m regammg irntabihti nevertheless the\ 
accomphshed It m 2 day s ’ll'hen on the 6th day after bemg2 davsin Solutionyl, 
the cells w ere transferred from Solution A to distilled w ater, 5 cells w ere slow er than 
Cell 7 m losing their irritabihtv but (with one exception) all these lost it m 3 day s 

3 Treatment oj Restricted Areas of Hie Cell 

Under the circumstances it seemed worth while to ascertain whether 
distilled water apphed to a restricted area of the cell would cause a 
local loss of imtabihty This proved to be possible and it was found 
that the uritability could subsequently be restored 

A typical cell (No 3) behaved as follows Wth Solution A at A, 
B, C, and F (Fig 3 with D and E omitted) stimulation (160 mv ) by 
means of the electrodes at A and B resulted in responses at C and F 
The solution at F was then replaced by distilled w ater After 24 hours 
F did not respond to 300 mv but C gave a normal response Tests 
on each of the 8 followmg days showed this situation to be unchanged 

* These 2 regained their imtabihty later on 
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The distilled water at F was then replaced by Solution A and after 24 
hours F responded as well as C In this case therefore local anesthesia 
lasted 8 days but there was no irreversible injury 




Tig 3 A paraffin block containing 6 cups [4, B, C, D, E, and F) filled with 
solution IS shown in cross-section above, in ground plan in the middle, and mlongi- 
tudmal section below Each partition has a notch filled wnth vaseline in which a 
Nticlla cell is embedded as shown m the cross-section (above) In this waj 6 
different areas of the cell can be treated wath different solutions A cell may re- 
main se%eral da^■s in the block without apparent mjur^ 

Electncal connections are usuallj made as shown in the ground plan, t e from 
C to F, D to r, and £ to E (here G signifies a stnng galvanometer with a vacuum 
tube amphfier, the apparatus is essentiall\ electrostatic m prmaple) 

In \ lew of the fact that the protoplasm and sap of NitcUa are m con- 
stant circulation it might be supposed that substances leached out of 
D by distilled water might be replaced from neighbonng regions 
rapidl 3 * enough to preserve the imtabihty but this was not the case 
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In this case 20 cells were emploj ed Leaving aside the 8 cells which died during 
the experiment we may say that the 12 whidi survived to the end of the experiment 
(11 days) behaved like Cell 3 except for minor differences For example, at the 
start 3 were slower than Cell 3 m losing irritability at F but all lost it m 4 days 
Furthermore 3 cells regamed irritability at F somewhere between the 6th and 8th 
days although apparentl} in contact with distilled water (whether there was some 
contamination of the distilled water from the adjoimng cup is not known) Also 5 
cells took 2 daj's to regam irntabihty at F when (on the 8th day of the experiment) 
distilled water at F was replaced by Solution A 

The cells were placed m cups m paraffin blocks as shown m Fig 3 These were 
prepared by runmng paraffin mto steel* molds so as to make 6 cups separated by 5 
solid partition wall*; of paraffin about 3 mm m thickness In the center of each of 
these a vertical notch was cut to admit a Nitdla cell When the cell v. as placed m 
the block, as shown m Fig 3 thecupsj4,B C,D JS, and F were filled with solution 
No hquid crept from one cup mto the next under these circumstances because the 
space m the notch around the Nitella cell was filled with vaselme The block was 
covered with a glass plate 

There was, of course, a capillar> film of hqiud surroxmding the cell wall but this 
did not produce more short circuitmg than the ordmary experiments m air or m a 
moist chamber such as have been described m previous papers 

It IS evident that the area at F which is treated with distilled water 
gives no response when a stimulus is applied by means of an outgoing 
electrical current at but we are unable to say what would happen if 
a stimulus were to be applied directly to the region in contact with 
distilled water 

In order to answer this question two methods were employed both 
of which showed that no normal response could be obtained 

1 Cells were used which had been kept m a paraffin block (Fig 3) with distilled 
water at ^ B,C D E, and F for 3 days These places remamcd m contact with 
distilled water while the foUowmg test was made In the cucuit through A and B 
SOOrav were apphed m the usual wa> with an mgomg current at^ and an outgomg 
current at F As this produced no normal response it was gradually mcreased to 
1200 mv We led off m the usual way from C to F with electrodes m both cups 
but the partition between B and C was removed so that these two cups were m 
contact with the same area of the cell The record showed an mcreased negativity 
at C due to the applied E M r which ceased when the current was broken How 
ever the negative potential at B fluctuated irregularly during the outward flow m a 
manner suggcstmg a breakdown of the protoplasm bj the large current emploj ed 
and a consequent change m effective resistance There was no transmission to 


* Steel was preferred to copper or brass smee it is not toxic. 
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D, E, or F all points ^\c^c m contact with distilled water during the experiment 
With 300 nw applied there w'as no sucli fluctuation in tlic negativity of C during 
tlie flow' 

2 In tlie second metliod the circuit from ^ to ^ formed one arm of an equal-arm 
Wieitstone bridge as described by Blinks The arrangement is shown in Fig 4 
We could then lead oft to the galvanometer as shown in the figure and apply an 
electrical stimulus witliout having it affect tlie photographic record directly In 
the record w e see only tlie clianges m p n whicli take place in tlie protoplasm 
We found no normal responses at B some irregular disturbances occurred at higher 
voltages but in no case w’ere tliese followed by action currents at C, D, or F 



Fig 1 Show ing arrangement when tlie arcuit through A and B constitutes one 
ami of an cqual-ami Wheatstone bridge In this case the stimulatmg emf 
does not affect the photographic record dircctlx Here G signifies a string galva- 
nometer with a x'acuum tube amplifier Contacts at 4, B, etc arc made with 
moist cotton 


DISCUSSION 

If distilled water can Icacli materials out of the cell it w'ould not be 
surprising if it eventually produced irreversible injury this appears to 
be the case in exposures of 3 w'ceks or more in our experiments In 
this connection we may recall the statements by various investigators 
that water distilled from apparatus consisting entirely of glass or 
quartz may be toxic 

It is of interest to inquire how tlie effects of distilled w'ater on 
imtabilitx are produced Since tlie action current depends on the 
presence of an outwardly directed P D across the protoplasm® it might 

' Blinks, L R,J Go P) \sto^ , 1929-30, 13, 361 

' 0^tcrhout, W J , Bic^ Pc- , 1931, 6, 369 
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be supposed that this P D is lowered by the distilled water to a degree 
which makes the action current impossible 
We therefore measured this p D m the usual manner® by placing 
Solution ^ at C and D and then kilhng F with chloroform and measur- 
mg the P D between C and F and D and F Since this reduces the 
p D of approximately to zero it gives a measure of the p D at C and 
Z) This was on the average about 85 m\ 

The measurement was repeated on other cells m which C had been 
treated with distilled vater until imtabihty had disappeared The 
p D of C was then found to be about 120 mv 
This nse m the p D across the protoplasm might be explamed in 
vanous ways If, for example, salts were leached out of the protoplasm 
so as to dimmish the mwardly directed p d across the inner protoplas- 
mic surface the outwardly directed P D across this surface (due mostly 
to potassium in the sap) would appear to increase, unless compensating 
processes occurred at the outer surface 
This would indicate that the chief effect of the distilled w ater is on 
the outer protoplasmic surface and the protoplasm and that the 
inner surface (adjommg the vacuole) still gives a marked pd due 
chiefly to the potassium m the vacuole * 

The action of distilled water on the outer surface of the protoplasm 
IS evidently to leach something out ' The nature of the substance w ill 
be discussed m a later paper Accordmg to B Hansteen Cranner'” and 
others^ Uvmg cells of plants'® when placed m contact with distilled 

’ The result cannot be due to the shght change m osmotic pressure expenenced m 
passmg from Solution A to distilled water for the same result is obtamcd when the 
cells are transferred from pond water or from very dilute Solution A to distilled 
water 

Cranner, B H Zur Biochemie und Physiologie der Grenzschichten lebender 
Pflanzenzellen, Christiania Grdndahl and Sdns, 1922 (Meldinger fm Norges 
Landbrukshdiskole, 1922, 2, Nos 1 and 2 ) 

Grafe V Bwc/iem Z , 1925, 169, 445 1929 206, 256, Bair Biol Pflan^ 
1928 16, 129 Grafe, V , and Horvat V , Bwchm Z , 1925 169, 449 Grafe V 
and Magistns H, Biochem Z ^ 1925 162 366 1926 176, 266 177, 16 Grafe 
V and Ose K , Biochem Z 1927 187, 102 Grafe V and Freund, K , Bent 
Biol PJIan: 1928 16, 140 Magistns H , Biochem Z 1929 210, 85 Jfagistns 
H and Schhfer P , Biochem Z 1929 214, 440 Thierfelder H and Klenk, E 
Die Chemie der Cerebroside und Phosphatide Berhn Juhus Sponger, 1930 
* In some cases at least no injury to the cells appears to be in\ olved 
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water regularly give off certain substances They regard these as 
phosphatides but this identification is not confirmed by Steward 

An alternative explanation might be that the supply of soluble 
calcium in the cell is decreased by metabolism so rapidly that it 
falls below the level needed for irritability unless continually re- 
newed from without This seems improbable in the short time re- 
quired for these experiments and especially in view of the fact that 
we find no such deposits of calcium oxalate as occur m many plant 
cells 

The simplest assumption would appear to be that the cell manufac- 
tures one or more substances which may be called collectively R This 
enters the surfaces and makes possible the normal irritability In 
pond water^^ or m Solution A this substance dissolves out very slowly 
so that it IS replaced by the cell about as rapidly as it comes out but 
at certam times of the year the dissolvmg action becomes more rapid 
or the production of R is slower so that normal irritability disappears 
\\Tien cells are placed m distilled water the leachmg action is so rapid 
that the outer protoplasmic surface loses R more rapidly than it is ac- 
quired and m consequence the normal imtabihty is lost This effect of 
distilled water may be largely due to the absence of calcium^® since we 
find that the addition of about 0 001 M CaCb to distilled water prevents 
this effect "When irritabihty has been lost in distilled water it can be 
restored about as readily m 0 001 M CaClz as m Solution A This 
would be expected if we were dealmg with the substances observed 
by B Hansteen Cranner since he states that calcium prevents their 
solution Loeb'® suggested that the protoplasnuc surface resembles 
a soap which is made harder by calcium and softer by sodium and 
potassium Other observers have noted specific effects of calcium 
on the protoplasnuc surface 

Ste\^a^d, F C , BiocLcm J , 1928, 22, 268, Brit J Exp Biol , 1928-29, 6, 32 

Cells transferred from pond nater to distilled water act like those transferred 
from Solution A to distilled ater 

*®Some of the other bivalent or tnvalent cations would no doubt act some- 
what like calaum 

Loeb, J , The draamics of liwng matter. New' York, The Columbia Uni- 
^erslt\ Press, 1906 

C/ Hober, R , Ph\-sikahschc Chemie der Zelle und Gewebe, Leipzig, W 
Engelman, 6th edition, 1926, 696 Examples wall be found in recent work on 
blastomeres and on rmcrodissecUon 



W J V OSTERHOUI AND S K mLT. 


97 


In this connection we may recall the mjunous effects of lack of cal 
cium in all sorts of organisms, mcludmg the phenomena of antagonism 
These may depend on the fact that an important function of calaum 
IS to prevent the leachmg out of substances from the surface Appar- 
ently only a little calaum is needed for this purpose A great excess 
of calcium may prove toxic by actmg m some other way A good 
illustration of this is found m Baltcyshs as descnbed by Blmks In 
sea water the cells show an outwardly directed p D of 60 to 80 mv 
which quickly disappears when 0 6 u NaCl is substituted for sea water 
But when 2 5 parts of 0 4 ii CaCl are added to 97 5 parts of 0 6 ii 
NaCl the P D , although fallmg at first, rises to nearly the normal value 
In pure 0 4 m CaClj on the other hand it drops approximately to zero 
and so contmues 

It may be remarked m passmg that the sap of Valonta contams little 
or no calcium*' but the sap is probably nearly saturated with R so 
that calcium is not needed to prevent leaching of R in the vacuole 
Lack of calcium in the external solution soon produces injury 

The fact that anesthesia can be produced by removing something 
from the cell raises the question whether other cases of anesthesia may 
be explamed m the same way As a matter of fact one of the earliest 
theories of anesthesia, that of Bibra and Harless (1847) was precisely 
this,* 1 c , that chloroform and ether dissolved out certam substances 
from the brain 

It IS of interest to find that reversible anesthesia can be mamtained 
for a week at a time, this recalls the long penods of anesthesia possible 
with certam animals “ 

L R J Gen Phystol 1929-30 13,223 

*' This seems to be the case with soluble calaum m many flowenng plants 
according to analyses by the senior author But according to Thodaj and Evans 
(Thoday D and Evans H , Ann Bot 1932 46, 781) in certain plants soluble 
calcium and soluble oxalate may exist m different cells When the sap is ex 
tracted mutual preapitation occurs Hence the analysis will show less than the 
true amount of soluble calaum See also Czapck, F Biochcmie der Pflanzen, Jena 
Gustav Fischer 3rd edition 1925, 3, 70 

Henderson V E Physiol Rev 1930 10, 171 

* Animals may be anesthetized for several days at a tune without permanent 
mjury c g tadpoles (Overton E Studien tiber die Narkose, Jena Gustav Fischer 
1901), frogs (Krogh, A ated m Wmterstem H Hie Narkose Berhn Juhus 
Sponger 2nd edition 1926 40 for experiments by mterstein see Btochcm 7 
1915, 70, 130), and birds (Elhs M M J Pharmacol and Exp Therap 1923, 21, 
323) 
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In this connection we may state that in the late spring it is not un- 
common to find cells m the ponds which cannot be stimulated electri- 
cally“ when brought into the laboratory Apparently this condition 
may last for weeks m their natural environment We are not able to 
change this by keeping them in Solution A It would therefore seem 
that the difi&culty is m the cells themselves which do not produce i? 
in normal quantity at this season 

In conclusion we may emphasize that the term anesthesia is here 
employed, as often in nerve physiology, merely to denote lack of 
response to electncal stimulation other effects were not investigated, 
except that it was noted that protoplasmic strearmng contmues after 
leaching with distilled water 


SUMMARY 

Cells of Nxtella flexihs Ag lose their power to respond to ordinarj'- 
electncal stimulation after 2 or 3 days in distilled water It returns 
after a day or so when they are replaced m their normal environment, 
m a suitable nutrient solution, or in a dilute solution of CaCb 

Here anesthesia seems to be produced by removmg something from 
the cell and this raises the question whether other cases of anesthesia 
may be explamed m the same way 

The antagonistic action of calcium, in some cases at least, ap- 
pears to depend on its power to prevent substances from leaching 
out of the cell 

" I c earlier m the season such cells can be stimulated by 50 to 160 mv but 
in the late spring they cannot be stimulated by 300 mv or even more 



ANESTHESIA IN ACm AND ALKALINE SOLUTIONS 


Bv W J V OSTERHODT AND S E Hn.T. 

(Xfotn Ihe Laboratories of The Rockefeller Inslitute for Medical Research) 
(Accepted for pubbcalion, July 5, 1933) 

We have found* that anesthesia is produced m Nilella by treatment 
with distilled water Our experiments show that the action of dis- 
tilled water is hastened by adding acid or alhali and retarded by ad- 
dmg calcium 

We can secure the same effects by exposure to 0 0001 M HCl for an 
hour or to 0 001 u NaOH for 2 or 3 hours as by an exposure of 2 or 
3 days to distilled water (all of these effects are fully reversible) 

This may be illustrated by describing some typical expenments (all 
the details are as m the first paper* unless otherwise stated*) 

Effects of Alkah 

A group of cells which had been kept for 3 weeks m Solution was 
transferred to paraffin blocks (Fig 1) and tested, and all of them re 
sponded to electneal stimulation of 160 mv (A responded on break) 
Solution A m Cups A and E was now replaced by 0 001 ii NaOH, 
and the cells were tested at short mtervals After 75 imnutes of 
extraction with 0 001 m NaOH at A and E, the cells were tested with 
300 mv , with the foUowmg results Of 12 cells 

None responded at A 
12 D (control spot) 

3 ‘ ‘ E 


*Osterhout,W J V and Hill, S E,J Gen Physiol 1933-34 17,87 
* Preliminary expenments showed that cells placed in 0 0001 ai HCl (pH 4) and 
0 001 M NaOH (pH 11) lived 24 hours or longer (the pH value in NaOH fell dunng 
the exposure) In applying or removing aad or alkalme solutions there is an effect 
on p D due to the diffusion potential m water of the aad or alkali the amount of 
this can be estimated from expenments on dead cells 
The temperature was 23-25®C 
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To test whether the effects of NaOH could be reversed by neutralization 
of the NaOH, Cups A and £ were fiUed with 0 0001 m HCl and tested 
by applying 300 mv a few minutes later Only one cell responded at 
A Tested 1 hour later, none responded, and in 5 hours all were 
dead Obviously something more than removal of the NaOH is neces- 
sary to restore irritability 



Fig 1 Diagram of a senes of paraffin cups, A, B, C, etc , with a smgle cell of 
Nitclla passmg through all of them (m each partition the Ntlella cell is sealed m 
with vaselme) Stimulation is apphed m the circuit between B and C We lead 
off from A to F, D to F, and E to F through a string galvanometer (G) in circuit 
mth a vacuum tube The whole is covered with a glass plate to prevent evapo- 
ration 



Fig 2 As m Fig 1 w'lth a different arrangement of leads 

A second group of 12 cells -which had been kept m Solution A for 3 
weeks -was tested and all responded to stimulation by 160 mv Solu- 
tion A at one point (C, Fig 2) -w^as then replaced with 0 001 m NaOH, 
which was left in the cups for 3 hours, until no cell responded to 
stimulation b}' 300 m^ The 0 001 Ji NaOH w^as then replaced by 
0 01 H CaCI;, which produced no immediate effect Left overnight 
wuth CaCI; at C, 7 cells out of 12 responded at C to stimulation in 
the circuit betw een A and B (200 mv ) The average magnitude of 



W J V OSTERHOUT AND S E HILL 


101 


the response was 36 mv , about one half of the normal value Partial 
recovery from the effects of NaOH was thus mduced by 0 01 m CaCl 

A third group of 12 cells, with 0 001 M NaOH at C, was stimulated 
m the arcuit between A and B with 200 mv at short mtervals for 3 
hours until imtability disappeared The 0 001 M NaOH m Cup C was 
then replaced by Solution A Left overnight, S cells out of 12 re- 
sponded at C (2 responded to 300 mv , and 3 reqmred SOO mv for 
stimulation) 

To determme the value of the outwardly directed potential in cells 
which had lost their imtabihty in 0 001 K NaOH, a group of IS cells 
was treated by immersion m a bath of the alkali for 2 hours The 
potential was then measured, using saturated calomel electrodes, with 
0 001 M NaOH on one end of the cell, and 0 001 M NaOH saturated 
with chloroform at the other The outwardly directed potential at 
the living end had an average value of 112 mv IS control cells m 
Solution A exhibited an average potential of 76 mv (when one end was 
killed with Solution A saturated with chloroform) It would seem 
that the p d across the protoplasm had been somewhat increased by 
the treatment, as is the case with distilled water ‘ 

Effects of Acid 

We had observed m earlier unreported experiments that Chara kept 
for 48 hours in pond water nearly saturated with CO 2 lost its im 
tabihty, and had an outwardly directed potential about IS per cent 
above the value for cells kept in normal pond water The control cells 
m normal pond water responded to electncal stimulation Another 
group of cells kept for 48 hours m a mixture of 0 01 11 NaHCOj and 
COj at pH 6 0 lost their imtabihty, and retamed the normal p D 
across the protoplasm 

A group of 12 Nitella cells which had been kept m Solution A for 3 
weeks was tested with Solution A at all contacts, and responded to 
stimulation of 160 mv Solution A m Cups A and E, (Fig 1) was now 
replaced with 0 0001 m HCI, and the cells were tested after 1 hour with 
300 mv Every cell responded at D, which had been m contact with 
Solution A throughout Four responded shghtly at A, and none at 
E The 0 0001 M HCI at A was now replaced by 0 001 u CaCl and 
the 0 0001 u HCI at E was replaced by Solution A li hours later the 
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cells vrere tested by stimulation vnth 200 mv at B E\ ery cell re- 
sponded at D, 10 responded at and 10 responded at E Thus 
Solution A and 0 001 ii CzClz seem to be equall}’’ efncaaous in restor- 
ing imtabdity -rhich has been removed by leaching vnth 0 0001 ii HCl 
In another experiment Solution A in Cup D vras replaced b}'- 0 0001 
II HQ The other cups contained Solution A, m vrhich the cells had 
been kept for 3 weeks The cell was stimulated fl60 mv ) just before 
puttmg 0 0001 11 HQ at D, then immediatel}’- after the change, and 
thereafter at mten’-als of about 2 minutes for 30 minutes until im- 
tabihty disappeared (t e , no response to 400 mv ) The magnitude 
of the response gradually fell off, the reduction being most marked 
in the second peak The second peak disappeared m about 5 mmutes, 
and response failed altogether after 30 mmutes 
To determine the value of the outwardly directed potential of a 
spot v.hich has lost its imtability in 0 0001 ii HCl, Solution A in Cups 
D and E (Fig 2) was replaced by 0 0001 ii HCl 2 hours later F was 
killed with chloroform The average value of 10 cells m contact with 
Solution ^ at C v,as then 66 mv , and the average value of 20 spots m 
contact vnth 0 0001 ii HQ v.as 82 5 mv There is thus a nse in the 
p D across the protoplasm when the cells are leached vnth 0 0001 ii 
HQ, similar to that when they are leached vnth distilled water^ and 
with alkah 


DISCUSSION 

It thus appears that the action of distilled water is hastened by 
adding acid or alkali It has been shown previously^ that it is re- 
tarded by calcium These may all be effects of leaching substances 
out of the cell It is of interest to note that Magistns and Schafer® 
found that the action of distilled water in leaching substances out 
of plant cells v,as similarly hastened by the addition of aad and 
allmli and retarded by calaum 

Altcmatne explanations are direct action of acid or alkali and 
the absence of calcium (which has been previously^ discussed) but 

® Cj ilagislns, H , and Schafer, P , Bwchem Z , Berlin, 1929, 214, 440 The> 
regard these substances as phosphatides but this identification is not confirmed 
b> Stevard (Stc '•ard, F C, BiocJ eir /, London, 1928, 22, 268, Bril J Exp 
B c' , 1928-29, 6, 32) 
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if lack of calcium alone were the cause acid should not mcrease the 
effect 

It IS possible that some of the reported cases of narcosis in various 
organisms mduced bv acid or alkali are due to leaching substances 
out of the cell 


SUMMARY 

The acbon of distilled water in producmg anesthesia (loss of response 
to electrical stimulation) in Ntlella is hastened by the addition of acid 
and alkah and retarded by the addition of calcium The loss of 
imtabdity is fully reversible 




REVERSIBLE LOSS OF THE POTASSIUM EFFECT IN 
DISTILLED WATER 
Bv W I V OSTERHOUT and S E HILL 
(From the Laboralortes of The Rockefeller Institute for Medical Research) 

(Accepted for pubbcation, June 30, 1933) 

Not only does distilled water take away the imtability‘ of Ntlella? 
but it also changes its behavior toward potassium In normal cells 
potassium is strongly negative to sodium this will be called for con 
vemence the potassium effect After sufficient exposure to distilled 
water this effect disappears but it can be restored by retummg the 
cells to their normal environment or to nutnent solutions This 
change m the protoplasm seems to be chiefly confined to its outer 
surface 

These facts may be illustrated by atmg a few typical experiments • 

A group of cells was divided, alternate cells bemg placed m distilled 
water and m a nutnent solution called Solution A ‘ 3 days later the 
cells were taken out of Solution A and placed on paraffin blocks,* 
being surrounded by moist air except at the contacts C, D, E, etc 
(Fig 1) At first Solution A was placed at all contacts Then Solu 
tion A was replaced at C by 0 01 M NaCl which made httle change m 
potential Substitution of 0 01 M KCl for 0 01 M NaCl caused the 
potential at C to become 86 mv more negative, a normal potassium 
effect In the other group of cells, which had been kept m distilled 
water 3 days, distilled water at C was replaced by 0 01 ii NaCl and 
then by 0 01 M KCl The change m potential was much less, K be 
commg only 20 mv negative to Na 

In a similar experiment with a different lot of cells 0 01 M KQ was 
64 mv negative to 0 01 M NaCl on the control cells in Solution A, but 

* Osterhout, W J V,andHifI S E I Gett 1933-34, 17, S7 

* This IS Nitella JlextUs Ag the speaes used m prenous expenments m this 
laboratory 

® The expenments were performed at 21-23 C 

* For techmque see footnote 1 
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the cells leadied m distilled ivater for 4 da}-s made no discrimination 
betw een K and Na 

It M'ould appear therefore that distilled M^atei can leacli out of the 
cell something winch is responsible for the potassium effect 

It IS of mterest to kno\v the potential across the protoplasm in 
cells Minch do not shoM' the potassium effect A group of cells M’as 
leached 6 days in distilled M’^ater Then 0 01 m NaCl Mas placed on 
contacts C and F, Fig 1 The solution at F was tlien dianged to 
0 01 M KCl, Minch made no great difference in potential, F becoming 
12 mv more negative The 0 01 m KCl M'as then replaced by 0 01 M 
KCl saturated Mith dilorofonn, nhidi reduced the potential at F 
approximately to zero C, m contact Mith 0 01 M NaCl, M^as then 110 
mv positu e to K Since C and F were pre\ lousl}’- at nearl}’- tlie same 



Fig 1 Vrnngcmcnt of Nilclhi cells for npid testing of potissuiin effects 
Cont-ict witli the cell is nnde bv means of wads of cotton dipped in the solutions 
G denotes a strmg gah-anometer m series witli a vacuum tube 

potential it is evident that F Mhcn in contact with 0 01 M KCl (Mith- 
out chloroform) had an outwardly directed pd of 9S mv winch is 
about what would be expected in a cell taken from Solution A and 
placed in contact with 0 01 M NaCl In other words the p d across 
the protoplasm had not been lessened b> the treatment w ith distilled 
water 

In a preauous paper' it was reported that local areas of the cell 
could be anesthetized b} distilled water It is of interest to deter- 
mine whether the potassium effect shows a similar bchaMor 

Cells of Xihlla which had been kept for scxeral da^-s in Solution A 
were placed in paraiTin cups* separated by paraffin partitions (Fig 2) 
Solution J was applied at A, B C, D L and F We found only a 
small P D between F and the other cups We then substituted 0 01 
M NaCl for tap water at C and D which made little change at either 
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spot We then applied 0 01 M K,C1 at D This produced a great 
change before applying KCl D nas 4 0 mv positive to F but after 
ward it was 64 mv negative to F, a normal potassium effect 
We then apphed distilled water at C and D for 2 days On substi 
tuting 0 01 M NaCl for distilled water at C and at D very little change 
was observed We then substituted 0 01 ii KCl for 0 01 m NaCl at 
C and D This substitution which formerly produced a great change 
now had very little effect, 0 01 ii KCl becoming only 14 mv negative 
to 0 01 M NaCl Hence it would appear that something had been 
leached out of C and D so that they no longer behaved normally 
toward KCl In other words the normal potassium effect had disap- 
peared as the result of the exposure to distilled water 


iaI IbI lcl I dI UIIfI 


Fig 2 Diagram of a series of paraffin cups A,B C etc , with a single cell of 
Nilclla passmg through all of them (m each partition the Ntlclla cell is sealed in 
with vaseline) We lead off from one cup to another through a stnng galvanom 
eter m senes with a vacuum tube 

In order to ascertain to what extent this effect of distilled w ater is 
reversible the experiment was repeated After the leaching of C and 
D by distilled water 0 01 it NaCl was apphed As before this pro 
duced little change nor did the substitution of KCl for NaCl The 
KCl was then replaced by Solution A The p d between C and F was 
then 1 1 mv , C being positive that between D and F was 7 mv 
After 24 hours Solution A was replaced by 0 01 M NaCl which made 
little change Then 0 01 u KCl was substituted for NaCl This made 
a great change, C becommg 64 mv and D 55 mv more negative It 
would therefore seem that the normal state of the protoplasm had 
been restored, as the potassium effect before leachmg was 68 mv By 
applying Solution A saturated with chloroform at F we found that 
the p D across the protoplasm at C was 3 mv and at 27 4 mv which is 
about the usual value for a normal spot in contact with 0 01 m KCl 
It therefore appears that Solution A can restore the p d across the 
protoplasm to normal after it has been leached by distilled water 
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All this could be easily explained by sa3ang that the cell constantly 
produces certain substances, which may collectively be called R, which 
move mto the protoplasrmc surfaces and ensure its normal behavior 
When R is leached out by distiUed water faster than it is produced the 
behawor becomes abnonnal But this does not happen m the pres- 
ence of tap or pond water or of Solution A, presumably because m 
these cases R is produced faster than it is leached away It is qmte 
possible that calcium is an important factor m this situation and that 
it tends to prevent the rapid leachmg of R This has been discussed 
in a previous paper ^ 

The leachmg effect does not appear to affect the inner protoplasmic 
surface greatly nor to lower the concentration of potassium in the 
sap because the p d across the protoplasm does not fall off This P D 
appears to be due for the most part to the action of the potassium 
salts in the vacuole on the inner protoplasmic surface, as explained 
in previous papers ® 

It may be added that the loss of the potassium effect appears to 
precede the loss of imtability This will be discussed m later papers 
It Vi as observed that the treatment did not stop the protoplasmic 
motion 

It is interesting to note that cells collected in June (a season of 
active growthQ cannot as a rule be stimulated electncally^ and that 
the potassium effect is greatly reduced or altogether lacking Placing 
them in Solution A does not alter this situation Hence we conclude 
that It does not anse from a change in the pond water but rather from 
a change in the cells vhich probably are not producing the normal 
amount of R at this season 


SUMMARY 

Not only does distiUed water take away the irntabdity of Ntlella 
but it also changes its behavnor tov/ard potassium In normal cells 
potassium is strongly negative to sodium but after sufficient exposure 
to distilled v. ater this effect disappears It can be restored by return- 
ing the cells to their normal envnronment or to a suitable nutnent 
solution This change in the protoplasm seems to be chiefly m its 
outer surface 

5 Cf Ostc-hout, J \ , Bio' Rir , 19S1, 6, 309 

* The cells used m the eipennients ma% be mature or nearl> so and hence need 
not be acti\el> grovnng 
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The large potential difference measurable across the protoplasm of 
impaled multinucleate cells of the alga Ealtcystis has been described 
m preceding papers ‘ ’ This is called “protoplasmic” since it is, to a 
large extent, independent of concentration gradients between sea water 
and the vacuolar sap Thus a large pd persists when natural or 
artifiaal sap is applied externally, both in the species contaming much 
KCl and in that contaimng little Dilution and concentration of the 
sea water, or of many of its constituents, provided a reasonable phys 
lological balance of salts is maintained, also have httle effect, after 
certam transient changes have occurred However, such apphcations 
at the outer surface may not immediately affect potentials at the 
inner surface, or withm the protoplasm itself To study these, 
mtemal changes must be produced The effect of naturally differing 
cell saps on the vacuolar surface has already been noted ’ There 
remam as experimental changes (1) direct alteration of the cell 
sap by mjection or perfusion, (2) the penetration of substances into 
the cell from the sea water 

Both of these methods have been employed, with marked effects 
upon the observed p n The results with ammoma, representing the 
penetration of a substance into the cell, are reported m the present 
paper Bemg techmcally simpler to produce than the changes by sap 
perfusion, they were completed first The results, however, are m 
herently more complex, since they involve not only the changes 
known to occur in the sap, but also unknown changes m the proto 
plasm across which the ammonia must pass to reach the vacuole 
Some of the results of direct perfusion which bear upon the interpre 

‘ Blinks L R J Gen Physiol 1929-30 13, 223 

’Blinks L R / Gen Physiol 1932-33 IG, 147 
109 
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tation are therefore indicated, as m the paper on the effects of KCl * 
hlore complete descnption of the techmque of perfusion and the pnn- 
cipal results 'vviU appear m a forthconung paper 

Methods 

The cells were held ngidl}" between a glass nng below, and a glass tube, con- 
stncted to a capillar} , inserted into the ceU from above, as in Fig 1 The tube 
and capillar}', filled with artificial sap, formed the circiut from the vacuole to a 
KCl-agar bndge, commumcatmg vuth a saturated KCl-calomel electrode Ex- 
ternal solutions were changed without disturbmg the cell by replacmg vessels 
from below, or directmg a stream of solution on the tube a short distance above the 
ceU This flowed down the tube and over the ceU, dropping off below, making 
contact with a second KCl-agar bndge opemng just beside or below the ceU A 
second saturated KCl-calomel electrode completed the electncal circmt to the 
measunng mstruments, a potentiometer and galvanometer The latter could be 
emplo}ed without prejudice to the results, smce it vas found that Eahcystis 
cells can withstand quite appreciable current dram without decrease of potential 
Except durmg rapid changes of p d , hov ever, the circuit was kept compensated 
and no current passed through the ceU No different results vere found when a 
vacuum tube electrometer, or a Compton electrometer, vas used as a nuUpomt 
mdicator Pomts of balance could easily be obtamed at 15 second mtervals, 
usual!} 1 mmute mten ak v ere adequate to foUov the changes here described 
The potential plotted is that of the outer surface or solution (usually sea water) 
IMien this is positive, the positive current tends to flow outward across the proto- 
plasm to the measunng instrument, when negative, it tends to flow mward The 
positiv e sign is below the zero hne, m conforrmt} wuth the convention for Valoma 
and NitcUa m this laboratoiw' This is the reverse of the plottmg m the first paper^ 
of this senes, but is followed m subsequent articles 

pH values of sap and sea water were determmed colonmetncall} with allowance 
for salt errors, the buffers used for comparison bemg checked with the qumh} drone 
electrode below pH 8 0 \mmoma estimations m the sap were made by Nessler 
test The ammonia content of the sea water was regulated bv addmg measured 
quantities of XH,C1 from a stock solution for each experiment, observmg, and if 
necessarv adjustmg, the pH (bv addmg NaOH or HCl) 

Sap was withdrawn from the celk b} inserting a glass tube drawn mto a fine 
point, nnsmg and v ipmg the celk well to avoid contammation from sea water 
The pH, determmed directlv m these tubes, with a mmimum of exposure to air, 

V as found to be verv much lower than ongmallv reported b\ Blinks and Jacques,’ 


' c\^!ts Os'ct] c I'u, described b\ Bhnks, L R, and Blinks, A H, Bull 
Tcrrc\ Be' Club 1930-31, 57, 3S9, sap analv-sis bv Blmks, L R, and Jacques, 
A C , J Go Pl,yc ' , 1929-30, 13, 733 
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effect under proper conditions In ordinary diffuse north hght of the laboratory 
this was neghgible, but on bright days, passing clouds often changed the pd 
appreoabl}’^ This is evidently due to the photosynthetic extraction of CO2 
from the sea water around the cell, raismg the pH and so influencmg the dissocia- 
tion of ammonia It is hoped to study this effect more fully, as a sensitive elec- 
trical mdicator of photosynthesis 

The results with Hahcystis Osterhouhi,^ of Bermuda, are chiefly described m 
the present paper, smce it is mth this speaes that the experiments with sap per- 
fusion have been performed It is also perhaps of greater mtrmsic mterest, smce 
its cell sap differs so shghtly from the sea water, the potential is therefore almost 
entirely protoplasmic, and not enhanced by a KCl gradient - In a few cases, the 
almost identical results obtamed mth H ovahs* of California, will be referred to 
The chief difference is the usually higher threshold of NHiCl necessary for poten- 
tial reversal m the latter species 

The Reversal of P D by Ammonia 

The normal concentration of total ammonia (NH+4 + NII4OH -4- 
NHs) m Bermuda sea water is below 0 00001 M Up to about 0 0001 
M NELiCl may be added, at the normal pH, 8 1, of the sea water, with- 
out appreciable effect upon the p d across the protoplasm of Ealicysks 
Oskrhoutn which averages remarkably close to 68 mv , outside posi- 
tive - But at a threshold varying between 0 0005 M and 0 002 M, 
often at about 0 001 M NH4CI, a stnking change occurs The p d 
rapidl}'’ reverses, to about 30 or 40 mv negative, and remains reversed 
(with fluctuations) as long as the exposure to the ammonia continues 
Higher concentrations increase the negative p n somewhat, a return 
to ordinar}’- sea vater causes recovery of positivity The entire 
process is completely reversible, and may be repeated almost without 
hrmt if the ammoma exposures do not last too long, e g , more than 
an hour or two at a time 

A charactenstic time curv'e of the reversal and recovery process at 
about the threshold concentration of NH4CI is shown in Fig 2 When 
the ammonia is first apphed there is a small notch or cusp (a), dunng 
which the p d decreases a few^ milhvolts, then recovers nearly to its 
ongmal \alue (b) Here it remams a few minutes, then begins to 
decrease slowlj' to about 40 mv positive After this the decrease 
becomes much faster and the p n rapidly reverses (c) to about 40 mv 
negatn e At this point there almost invanably occurs a reverse cusp 
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(d), then a return to an irregularly wavering negative value (e) When 
ordinary sea water is again replaced, a positive p 0 is quickly re 
covered (/), usually with a penod of enhanced positivity (g) up to 75 
mv or more, before the normal value (/i) is regamed 
Fig 2 IS entirely typical of dozens of observed reversals at about the 
threshold concentration of NH4CI The actual speed of reversal 
(and the negative p d attamed) vanes somewhat from cell to cell. 



Tig 2 Tune course of pji change in cell of Hahc^shs Oskrhoutn exposed to 
sea water contammg 0 001 u NH4CI at pH 8 1 Arrows indicate change of 
solution 


as does the threshold itself When higher concentrations of NHiQ 
are apphed, the reversal becomes much quicker, as shown m Fig 3 
The curve becomes very abrupt and almost rectangular at high con 
centrations, the reversed p d may also become temporanly as high 
as 90 to 100 mv negative, t c , about as high, although with reversed 
sign, as the greatest positive values so far produced (with alkalme sea 
water) Usually, however, the negative p D does not greatly exceed 
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70 mv , again about the average for the positive values in normal sea 
water 



Fig 3 Time course of p d change in cells of Ilahcyslts OslcrJiotiln exposed to 
the indicated concentrations of NIbCl in sea water at pH 8 1 The rise becomes 
much more abrupt with increasing concentrations The recovery curves in 
normal sea water are omitted to prevent overlapping but closely resemble the 
recoverv in Fig 2 Arrows indicate the appication of sea w'atcr containing 
ammonia 


The Rclalion of NTI^Cl Concentrahon lo P D 

It is evident that although the p d has a very definite relation to 
the NlI^Cl concentration in the sea water, it is distinctly not pro- 
portional, but rather in the nature of an ‘‘all or none” response 
below a critical concentration, there is very little change of p n , at 
the threshold a reversal amounting to a change of 100 mv or more, 
and then again abo\e the threshold only relatively small increases 
of P D 7 his IS showTi for a single cell wath a senes of increasing con- 
centrations in Fig 4 Furthermore when the concentrations are 
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decreased, it is seen that the threshold for recovery is at a lower NHiCl 
concentration than for onginal reversal Thus the reversed potential 
IS maintained wth only half the NHiCl concentration necessary 
originally to cause reversal, only at about one fourth of the ongmal 
threshold value is the positive p d recovered, and then with a slower 
curve than in ordinary sea water 



Fig 4 Time course of p n change m cells of Hahcyslis Osterhoutn exposed to 
sea water at pH 8 1 containing first mcreasing and then decreasing concentrations 
of NHiCl Curve A is for concentrauons below the threshold (m this case below 
0 001 m) Curve B shows the rev ersal of P d at 0 001 u and the effect of successively 
doubled NHiCl concentrations followed b> halving to 0 0005 M Curve C shows 
recovery of positive PJi at 0 0002 M NHcCl Arrows indicate change of solution 

This IS something in the nature of hysteresis, giving two curves, 
one for increasing, the other for decrcasmg NH,C1 concentrations 
For the reversed v n there are also two points, at least, for each NHiCl 
concentration the maximum reached first on reversal, before the cusp 
(d of Fig 2) and an average of the wavering plateau (c) No single 
curve of p D agamst NH,C1 concentration can thus be plotted There 
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are three which could be used (A) the highest values reached during 
increase of concentration, (B) the lowest values reached during in- 
creased concentrations, and (C) the steady values reached after de- 
creased concentrations The latter are probably the most rehable 



Cone NH 4 CI in sea water, pH 8 1 

Fig S Values of p d ’s reached in Fig 4 plotted against concentrations of NH 4 CI 
m sea water at pH 8 1 The concentrations are on a logarithmic scale, each pomt 
representing a doubling of the previous concentration Curve A is constructed 
from the maximum values (upward cusps) reached on each mcrease of concen- 
tration, Curve B, the mmimum (usually downward cusps) foUowmg each mcrease, 
and Cun'e C the steadj values reached after each decrease of concentration The 
last are probabl\ the most reliable values The lag or hysteresis of threshold 
between increase and decrease of concentrations is to be noted Upward arrows 
mdicate the senes with mcrcasing concentrations of NH 4 CI, the downward 
arrow that wnth decreasmg concentrations 

X alues All of these are plotted, for the cell of Fig 4, in Fig 5 Such 
a plot for a single cell is more significant than an average or composite 
plot for many cells, as showing more sharpl) the reversal at a cntical 
concentration It is, moreoxer, quite charactenstic for any other 


L R BLINKS 


117 


cell, with a slight shift of the cntical concentrations and of actual 
p D values 

The Relative RSlcs of Ammonium Ions and Undissocialcd Ammonia 

It might be concluded from Fig 5 alone tliat we are here deahng 
with no ordinary ionic concentration effects, so different is this rela 
tion from the usual one relatmg p D to salt concentration, tc m 
straight loganthmic ratio (_cf Damon’s results with Na and K in 
Valomaf) There is, however, still more direct evidence as to the 
shght effect of ammonium ions on the p D of Halicystis The basic 



Fig 6 Change of pd across protoplasm of Hahcyj/irOr/er/mK/o shoving effect 
of change of pH In A reversal of p n occurring with 0 001 M NHrCl at pH 8 1, 
13 inhibited by lowering the pH to 6 and positive p n regained In B 0 0001 si 
NH 4 CI IS insufSaent to cause reversal at pH 8 1 but is effective when the pH is 
raised to 10 3 Recovery of positive p n then occurs when pH is agam lowered 
to 8 1 Arrows indicate change of solutions 

dissociation constant® of aitunoma being approximately 10'®’, am- 
momum salt will be 50 per cent dissoaated at pH 9 3 At the ordinary 
pH of sea water, 8 1, it will therefore be over 9S per cent dissoaated, 

‘ Damon E B / Gen Fhynol , 1929-30 13, 445 1932-33, 16, 375 

® This IS the value commonly assumed for the dissociation constant of ammonia 
m ddute solution The greater ionic strength of sea water will tend to increase 
the ionization of ammonia but the change was found (Cooper W C , Jr and 
Osterhout, W J V / Gen Physwl 1930-31, 14, 117) to be shght, shiftmg the 
ph b from 9 3 to 9 5 This as well as the difference between concentrations 
and activities of the substances concerned mav be neglected for the purposes m 
band 
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and at pH 5 , nearly 100 per cent dissoaated For a given NH4CI 
concentration the concentration of ammonium 10 ns imU be mcreased 
about 5 per cent when sea water is acidified from pH 8 1 to pH 5, 
but the concentration of wtdtssociaied ammonia (NH3 or NH4OH) 
will be 1000 times as high at pH 8 as at pH 5, and at pH 10 3 will be 
over 100 times as great as at pH 8 1 Changing the pH over this 
range with definite NH4CI concentrations should therefore give in- 
formation on the relative role of ammonium ion and undissociated 
ammonia Two such experiments are shown in Fig 6 When re- 
versal IS obtained with 0 001 M NH4CI at pH 8 1, lowenng the pH to 



Fig 7 l^anations of p d across the protoplasm of Hahcyshs Oslerliottlix Sea 
water of pH 5 is first appbed, producmg a characteristic cusp Sea water con- 
taining 0 1 m NH4CI at pH 5 IS then apphed There is no reversal of p d pH 5 
sea w ater and pH S sea w ater then follows, w ith positive p d throughout Arrows 
mdicate change of solution 


6 causes recovery of positive values, conversely when 0 0001 M NH4CI 
IS apphed at pH 8 1 it is insufficient to cause reversal, but if the pH is 
raised to 10 3 good reversal occurs The relative inactivity of am- 
monium ions in altenng the p D of Hahcyshs is perhaps most stnk- 
ingly seen in Fig 7 Here the sea water (wTthout NH4CI) was first 
acidified to pH 5, giving a tj’pical cusp, presumably due to the diffusion 
of h} drogen 10 ns into the protoplasm Then 0 1 m NH4CI in sea w^ater 
of pH 5 was substituted, the additional effect is ver}'- shght and re- 
versal does not occur Indeed, concentrations of NH4CI as high as 
0 5 M, : c NH,C1 entirely substituted for FTaCl in vanT Hoff arti- 
ficial sea w ater, at pH 5 hav e been apphed to some cells of rather 
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high threshold without reversing the vn On the other hand the 
threshold at pH 10 3 hes between 0 00005 and 0 0001 u NILCI Since 
at this pH 95 per cent of the ammominn salt is present as imdisso- 
ciated ammonia these concentrations may he taken as essentially the 
actual threshold values for NHs(or NH(OH) They are m good agree- 
ment with the values at pH 8 1 where only about 1/20 as much un- 
dissoaated ammoma exists, and the threshold of total NHiCl con- 
centration hes between 0 001 and 0 002 u, t e , about 20 times as 
high We may conclude that the reversal of potential depends upon 
the concentration of undissoaated ammoma rather than that of 
ammomum ions m the sea water apphed to the cells But it is agam 
not proporttonal to such ammoma, for the threshold “aU or none” 
effect still holds We must therefore ask what internal changes may 
be produced by the entrance of undissoaated ammonia, which might 
account for the abrupt reversal of p n at a particular NHj concen- 
tration 

Internal effects 

The ease with which ammonia enters hvmg cells is one of the well 
estabhshed facts of permeabihty studies ’ Not only its tendency to 
enter more at high pH values, but its observed effects (increase of 
internal pH m the cell) mdicate that it enters as base (NHiOH) rather 
than as salt (NHiCl), and probably as undissoaated ammonia (NHj) 
although it could of course enter as the ion pair (NHt) and (OH) 
Eahcystis shows no exception to this tendency, with the increase of 
undissoaated ammoma m the sea water apphed to cells, both the pH 
and the ammoma content of Baltcyslis sap mcrease 

(a) Increase of Ammomum Salts — It seems unlikely that the m- 
crease of ammonium salts as such m the cell produces the observed 
effect on P D If the P n were due to the mobility of ammomum 
ions It IS difficult to imagine any mechanism or system which would 
give nse at the threshold to any very sudden mcrease of ammonium 
inside (necessanlj nearly 50 fold to give 100 mv potential change) 
Nor IS such a sudden nse detected in the sap Instead, the total 
ammomum increases in a regular manner, apparently much as m 

’ C/ Cooper and Oaterhout ' and previous experiments of others ated m foot 
note 2 of their paper 
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Valoma ® Significant figures for the increase in Hahcyshs cannot be 
given, because in the cells available for such expemnents a considerable 
and vanable amount of ammomum salt (up to 0 005 or even 0 01 m 
by Nessler test) vas already present m the sap,8 rendering any ac- 
cumulation study uncertam But this natural presence of ammonium 
salts m the sap is m itself an mdication that ammomum ions are not 
concerned m the reversal If it be assumed that the p d suddenly 
reversed above a cntical concentration of ammonium salt m the sap, 
this should occur sooner, and at a lower threshold concentration of 
jSTBUCl outside, m those cells already contaimng considerable am- 
momum This IS not the case, the threshold being no lower for such 
cells than for those containing httle or no ammomum If anythmg, 
it IS a httle higher 

Fmally, the ammomum salt content of the sap may be expen- 
mentall}'- mcreased, by the method of vacuolar perfusion which will 
be descnbed m a later paper Concentrations of NH4CI as high as 
0 1 M or even 0 5 m have been thus produced in the sap, without caus- 
mg a reversal of potential, as long as the normal pH of the sap was 
maintamed In fact the positive p d was shghtly increased, as with 
perfusion of KCl - p n reversal does not therefore seem to be due to 
the increase of ammomum ions in the sap 

(6) Increase of pH — ^At first glance, the S shape of the NH4CI- 
p D cur^'e (Fig 5) suggests that it might be explained as an electro- 

® In this respect these cells differed remarkably from those used for the sap 
anal\-sis prenoush reported (Blinks and Jacques^) which showed practically no 
ammonia The reason for this is apparentlj the age and condition of the cells 
Those used for the previous sap analj ses were all very young, small cells collected 
earlv m the spring before reproduction had occurred and probably of the same 
3 ear s grow th Those available for the present work were collected later m the 
spring, and m the fall, and had all undergone sev eral or man}^ reproductive penods 
In this speaes the gametes are frequentJv not discharged normall} to the exterior, 
but escape into the vacuole where thev swim for a while m the sap, then sink to 
the bottom m a dark mass ’ This mass apparentlv breaks down, wath ammonia 
as one of its products, smee cells contaimng such masses almost mvanabb' have 
ammonia m the sap The presence of this ammonia seems m no vav toxic, cells 
from cultures contaimng it have hved normallv in the laboratorv for well ov'er a 
vear, growing greath in size, and reproduemg again m the sprmg at exactlv the 
same da as freshlv collected cells (although entirelv isolated and v ithout change 
of sea water w~ months) 
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metnc titration curve, on the assumption that the inner surface of 
the protoplasm acts like a hydrogen electrode or is a membrane like a 
glass electrode, respondmg directly by changes of p D to changes of 
pH produced by the entrance of ammonia Each increase of NHj 
outside might be like an mcrement of base in a titration, entenng and 
neutrahzing a certain portion of the cell’s acids The great change 
of p D at the reversal point would correspond to the neutrahzation 
point, the flatter ends to the smaller changes of pH at either side of 
neutrahzation 

Similarly, on this assumption. Fig 2 could be interpreted as the 
tune course of such a titration performed with a regularly increasing 
amount of base — in this case the NHj diffusmg constantly mto the 
cell as a result of its concentration gradient 

However, neither theory nor facts bear out this suggestion In the 
first place we are not performing a titration when we mcrease the 
concentration of NH,C1 m the sea water We are correspondmgly 
incteasmg the concentration of undissociated base but the total amount 
depends on the volume of sea water In these experiments this 
volume IS so much greater than that of the cells that it may be con- 
sidered infinite, the sea water is also renewed from tune to tune, or a 
constant flow is mamtained Therefore at any given concentration 
NHj will contmue to enter the cell until its activity is as great inside 
as outside In both sap and sea water the equihbnum formula for 
this would be 


(NH.) - 


(nh^) (oh) 
& 


( 1 ) 


or 

log (NHO = log (NH^ -1- pH - pK > (2) 

where (NHt+) is the activity of ammonium salt or ions, and pE^^ 
( = pil„ — pEi) for ammoma' lying at pH 9 3 For an> constant 
(NH() concentration, therefore 

pH a log (NH,) (3) 

In other words, when log (NH,) increases in the sap, the pH will nse 
proportionally 

The experiments are in good agreement with this expectation 
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Fig 8 shows the actual course of pH change in the sap of Hahcyshs 
cells exposed to varying concentrations of NH4CI over the range well 
above and below the reversal threshold For each concentration of 
NH4CI the pH of the sap rises to a nearly constant value during the 
course of 60 to 120 minutes ® When the constant or apparent equihb- 
num pH value is plotted against the log of outside NH4CI concen- 
tration (or NHs, taken as 5 per cent of NH4CI at pH 8 1) the essen- 
tially straight hne of Fig 9 results 
The plot does not have the full proportionahty of 1 to 1 demanded 
by Equation 2, but is more nearly 4 to 5, the pH of the sap not in- 



Fig 8 pH of extracted sap of Hahcyshs OslcrhouUi after exposure of cells to 
indicated concentrations of NH4CI (from 0 0001 m to 0 01 u) in sea water of pH 
8 1 Determmations of pH were made colorimetncally with Clark and Lubs 
mdicators corrected for salt error 

creasing as fast as the NHj outside Several factors might contnbute 
to this Probably the sampling of the whole sap, even after 2 hours’ 
penetration of NH5, does not truly represent the pH just within the 
protoplasm, vhich really governs the equilibnum, the same applies to 
the supposed pH of the sea vater just outside the cell The NHj 

® There is a corresponding reiersal of the pH change when cells are replaced 
in normal sea water In a ^ en regular time course the ongmal low pH is regained 
although somewhat more slowlj than the rise to higher values This slower 
exit mav account for the apparent hvsteresis m the recoverv of p n 
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in entenng the cell must leave a more aad region of sea water just 
outside the protoplasm, with the best of stirnng this would probably 
extend the thickness of the cell wall, and therefore decrease the outside 
NHj concentration These combined effects, more aad sea water 
outside, more alkahne sap inside, than are shown by the gross deter 
mmations, would greatly reduce the supposed gradients The m- 
fluence of such unstirred films on accumulation has been pointed out 
by Osterhout 

Another factor which imght make the pH nse less than expected 
would be an mcrease of (NH4+), this would cause (NHj) to reach 



Cone. NH4CI in sea vatep pH 6.1 

Fig 9 pH of sap at equiUbnura or steady values reached in Fig 8 plotted 
against NHiCl concentrations in sea water (on logarithmic scale) 

equihbnum at a lower pH, in accordance with equation (2) Pre 
sumably NHj would combme with aad when it entered the sap, and 
with a given concentration of acid, the amount of NH(+ formed could 
be calculated from equation (2) by the deviation of expected from 
observed pH, at equihbnum Since there is already a large amount 
of ammomum salt m the sap of these cells, the relative amount of its 
mcrease is evidently not great, or there would be larger deviations 
than those found 

However, we are probably not deahng with equihbna, nor with 
concentration gradients alone The continuous production of aad 

"> Osterhout W J V / CPm Physiol 1932-33 16,829 
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by the cell tends to^keep down the internal pH, and this may be 
stunulated to an even higher rate by the entrance of ammonia Such 
a compensation has been reported by Cooper and Osterhout® in the 
case of Valoma, where the pH of the sap eventually fell from its first 
high value, over longer periods in the presence of ammonia In 
Uahcyshs there is evidence of^an even prompter response of this sort, 



Fig 10 Vanation of pd in Ilahcyslts ovahs showing extreme exaggeration 
of the cusp on reversal (with 0 004 m NH^Cl in sea water at pH 8 1), causing only 
temporary reversal, followed b> recovery of positivity This may be due to a 
gush of aad production by the cell, compensatmg the rise of pH caused by entermg 
IsHj Arrows indicate change of solution 

possibly accounting for the temporary lag of pH nse between 20 and 
30 minutes exposure to ammonia, shown in Fig 8, for the cusp fol- 
lownngPD reversal (Figs 2 to 4), and finally for the positive over- 
shooting which occurs in the recovery from ammonia exposures 
(Fig 2) All of these could be accounted for by a compensatory gush 
of aad production following the nse of pH produced by the entrance 
of 2HI: This would no doubt occur m the protoplasm rather than 
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in the sap, and it might be in the nature of glycolysis, rather than of 
mcreased respiration An extreme case of its possible effect is shoirn 
in Fig 10 (for H malts) where some such influence caused complete 
recovery of pjd after a bnef reversal, a lasting reversal occurring 
only at the next higher I^HiCl concentration The almost invariably 
occurrmg cusp (d of Fig 2) might be taken as an incomplete response 
of this sort, but insuffiaent to cause complete recovery ” 

Some of these relations are of more mterest from the viewpoint of 
salt accumulation than of potential difference They are discussed 
at this length not so much for their bearing upon the pH and salt 
concentration in the sap, which is after all accessible both to analysis 
and to direct alteration in vt la, but rather as showmg how any aqueous 
phase, separated from the sea water by a non aqueous phase per- 
meable to NHj, might be expected to behave The actual pH values 
of aqueous phases m the protoplasm we cannot directly determme, 
but if the sap can in any way be taken as representative, such pH will 
depend upon the ongmal amount of ammonium salts and the buffer 
capaaty of those phases when further ammonia enters When the 
sap pH IS 6 1, the pH of any given aqueous phase of the protoplasm 
may not be 6 1, probably is not But we may be reasonably sure that 
it will bear some regular and probably linear relation to the NHj 
outside, and hence also to the NHj and to the pH of the sap 

Fig 11, a combination of Figs S and 9, summarizes at a glance the 
relation of the change in sap pH, which is proportional to log (NH,C1), 
or log (NHj), in sea water, and the p n , which passes through an 
abrupt inflection when the sap pH increases from 6 0 to 6 5 

We may now ask if in practice, such a change of pH could give nse 
to the S shaped p n curve The answer, based upon perfusmg new 
solutions directly through the vacuole, is m the affirmative When 
freshly extracted natural sap is made more alkalme, e g brought to 

a The cusps might be interpreted as the somewhat sumlar ones caused by 
applymg KCl to Valmta were mterpreted by Damon-* as due to an advanang 
concentration boundary stnkmg a surface of the protoplasm and then passmg 
across it Such an ammomum ion boundary might be formed withm the proto 
plasm due to the entrance of HNj, but the absence of very large ammonium ion 
effects either on the outer or -vacuolar surface of the protoplasm seems to rule out 
this explanation 
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pH 7 or 8 by the addition of a trace of NaOH, and then perfused into 
the vacuole of an impaled cell, practically the same results are ob- 
tained as when NH4CI above threshold concentrations is apphed 
outside The p d rapidly reverses from positive to negative, and 
stays reversed as long as the pH is kept this high But since natural 
sap contains, as we have seen above, varying amounts of ammonium 
salt (often well above 0 001 m, the average outside threshold) NH 3 
might have passed out from the sap into the protoplasm when the 
pH was raised, and produced its effects within the protoplasm exactly 


-log NH3 in SW and sap 
55 50 45 40 35 30 



Fig 11 Combined plot of the relations between concentration of NH 4 CI in 
sea water, log (NHi) in sap and sea water, pH of sap, and f d across protoplasm 
of Ilalicyslis Oslcrhoutu The abrupt inflection of the p v curve is seen to be 
reflected in none of the other variables 

as if derived from the sea water Fortunately it was eventually found 
possible to perfuse artificial sap and even sea w'ater through the 
\acuolcs 'I he i> d remained positne and nearly normal as long 
as these were maintained at pH 5, and they could be circulated for an 
hour or more, in order to make sure that most of the onginal sap had 
been washed out, with its ammonium salt Then when more alkaline 
artificial sap or sea water v as perfused, the tj^pical reversal of P n 
‘^till occurred Furthermore, the pH at which the reversal occurred 
coincided remarl abl> well vith that produced inside by the applica- 
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tion of threshold concentrations of NH4CI outside, namely, between 
pH 6 0 and 6 5 Thus m one case the R n staj ed normally positive 
with perfusion of sea water buffered at pH 6 0, but reversed with con- 
tmued perfusion at pH 6 2 The ammonia effects seem therefore to 
be accounted for, quahtatively at least, by the pH change occumng 
in the sap A complete description of these perfusion experiments, 
and a discussion of the possible systems upon which such a change of 
pH rmght operate to reverse the potential, will appear m a forthcoimng 
paper 


SUMMARY 

The nature and ongm of the large “protoplasmic” potential m 
Haltcyslis must be studied by altenng conditions, not only in external 
solutions, but in the sap and the protoplasm itself Such intenor 
alteration caused by the penetration of ammonia is described Con 
centrations of NHiCl m the sea water were vaned from 0 00001 m 
to above 0 01 m At pH 8 1 there is httle effect below 0 0005 11 
NHiCl At about 0 001 m a sudden reversal of the potential difference 
across the protoplasm occurs, from about 68 mv outside positive to 
30 to 40 mv outside negative At this threshold value the time curve 
IS charactensticaUy S shaped, with a slow beginmng, a rapid reversal, 
and then an irregularly wavermg negative value There are charac- 
tenstic cusps at the first apphcation of the NH4C1, also immediately 
after the reversal 

The apphcation of higher NH»C1 concentrations causes a more 
rapid reversal, and also a somewhat higher negative value Con 
versely the reduction of NHiCl concentrations causes recovery of the 
normal positive potential, but the threshold for recovery is at a lower 
concentration than for the ongmal reversal A temporary overshoot- 
ing or increase of the positive potential usually occurs on recovery 
The reversals may be repeated many tunes on the same cell without 
mjury 

The plot of p D against the log of ammonium ion concentration is 
not the straight hne charactenstic of lomc concentration effects, but 
has a break of 100 mv or more at the threshold \alue Further 
evidence that the potential is not greatly influenced by ammonium 
10ns IS obtained by altenng the pH of the sea water At pH S, no 
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reversal occurs vatli 0 1 m NH4CI, -wliile at pH 10 3, the NH4CI thresh- 
old IS 0 0001 M or less This indicates that the reversal is due to 
undissociated ammonia 

The penetration of NH3 mto the cells mcreases both the internal 
ammoma and the pH The actual concentration of ammonium salt 
in the sap is agam shown to have httle effect on the p d The pH is 
therefore the govemmg factor But assuming that NH3 enters the 
cells until it is m eqmhbnum between sap and sea water, no sudden 
break of pH should occur, pH being instead directly proportional to 
log NKfs for any constant (NH4) concentration Experimentally, a 
hnear relation is found between the pH of the sap and the log NH3 
in sea water The sudden change of P D must therefore be ascnbed 
to some system in the cell upon which the pH change operates The 
pH value of the sap at the NH3 threshold is between 6 0 and 6 5 which 
corresponds well with the pH value found to cause reversal of P D 
by direct perfusion of solutions in the vacuole 



THE INACTIVATION OF BACTERIOPHAGE BY MERCURY 
BICHLORIDE, THE REACTIVATION OF BICHLORIDE 
INACTIVATED PHAGE 

By A P KRUEGER Mm D M BALDWIN 
{From the Department of Bacteriology^ University of California, Berheley) 

(Accepted for publication, July 16 1933) 

There are at the present tune two schools of thought with reference 
to the nature of bactenophage One group, championed chiefly by 
d’Herelle and Burnet, considers phage to consist of hvmg “corpuscles,” 
while the other group views the lytic prmaple as partaking of all the 
major charactenstics of an enzyme 
A study of the kinetics of the bacterium bactenophage reaction by 
Krueger and Northrop (1, 2), together with additional data reported 
by Krueger concerning first, the sorption of bactenophage by hvmg 
and by dead bactena (3) and second, the heat inactivation of bacteno 
phage (4), gave mdirect information tendmg to support the enzyme 
concept of phage Durmg further experimental work one of us 
(A P K ) on several occasions noted apparent sigmficant reversals 
of phage inactivation These data were interpreted as indicating 
either the independent multiphcation of residual active phage m the 
absence of growmg bactena — a phenomenon not hitherto proven to 
occur — or the reactivation of inactivated phage, a reaction common to 
many enzymes The present paper details experiments undertaken 
to investigate the inactivation of antistaphylococcus bactenophage 
by HgClj and the reversal of the process 

Methods 

An antistaphylococcus phage and a single strain of 5 aureus described in 
previous papers were used (1-6) The medium was beef infusion broth contaming 
1 per cent peptone 0 5 per cent sodium chloride adjusted to pH 7 6 All phage 
titraUons were performed accordmg to the method described by Krueger (S, 6) 
The titration procedure rests upon the observation that the tune of lysis m a 
standard bacterial suspension under standard condiUons is a function of \P] , 
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the initial concentration of phage Since the initiation of Ij'sis depends upon the 
attainment of a critical PjB ratio and since also dPIdl C X dBjdl, it is clear 
that anj"^ possible mhibition of bacterial growth by HgClj m the titration set-up 
must be ruled out As a means of determining the optimal dilutions for phage 
titration the growth of the bacterium m broth to which had been added various 
amounts of HgCla was followed It was found that a concentration of 1 10,000,000 
of HgCl 2 exerted no measurable inhibition on the growth of the organism Con- 
sequently throughout the experiments the phage determinations were carried out 
with dilutions containmg 1 10,000,000 or less of HgCl 2 

] The Iiiachvahon of Phage by HgCh — 5 ml of 1 5,000 HgCU were added to 
an equal volume of standard phage contammg 1 X 10'“ activity units per ml 
The mixture was mamtamed at 22°C and samples for phage titration were removed 
at mtervals, they were at once diluted 1 1,000 with broth 

2 The Reversal of Phage Iimchvahon by HgCh — 5 ml of standard phage were 
mixed vith 5 ml of 1 5,000 HgCl 2 The mixture was kept at 22°C for 0 5 hour 
at which time samples were secured for titration of the residual active phage and a 
1 ml sample was taken for the reversal procedure This last was mixed imme- 
diately with 1 ml of a saturated solution of H 2 S in water and was set aside for 12 
mmutes It was then centrifuged at high speed to remove the fine precipitate of 
HgS The supernatant was pipetted off, tlioroughlj aerated until free from H 2 S, 
and diluted for the phage titration 

Controls consisted of (a) phage diluted ivith 1 10,000,000 HgCl 2 to check any 
possible effect of this concentration on tlie titration results, and fb) phage exposed 
to the H 2 S and aerated as w'as done with the reversed fraction 

EXPERIMENTAL RESULTS 

1 hiaclivation of Phage — Fig 1 is a composite plot of the results 
obtained in a series of experiments on the inactivation of phage 
by HgCb at 22°C The inactivation proceeds logaritlimically with 
time and is therefore a pseudomonomolecular reaction with one 
reactant (HgCb) greatly in excess of the other, so that its concentra- 
tion remains practically constant throughout the experiment 
The reaction ma} then be ex-pressed as dP/dt = k [HgCb] [Po — F,] 
w here 

P = bactenophage in activitx units, 

P, <= initial phage concentration, 

/*, = phage inactnatcd in time /, 

and [IlgCl;] = concentration of bichloride of mercuri 

This on integration, gixes ih = \/t fHgCl:] In P<,/[Po — F,] It wrll 
be noted that in the plot of ex-penmental data the curx^e does not 
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Fig 1 Composite plot of logarithms of residual active phage uoits against time 
dunag HgClj inactivation of phage at pH 7 6 and 22^C (three experiments) 
■ represents the common origin at / 0 for all three mitial phage concentrations 


TABLE I 

Summary of Four Separate Lxpenments in AH of Whidi Phage II as Itiacitvaied 
with BgClt 

The imtial [P] xv’as 5 X 10® In three cases reactivation following removal of 
with H S restored the [P] to its ongmal litre (100 per cent re\’ersal) 


A ! 

B 

c 

" : 

E 

InacUvfttM phage 

1 JOOOOHgCli 

0 5 hour 

Reactivated 

phage 

As A Followed 

Control 
t X lO* phage 
units + H S 
Aerated uU 
HjS free 

Control 1 

1 X 10 ” phage umis 
titrated m pretence of 

1 10 ooo 000 r!«a 

Oiiglsal phage 
presest after 

by H S Centri 
iuged Aerated 
HiS free 

IcacUva 

t!aa 

Rcacti\'a 

tion 

(1) 2 2 X 10* 

5 0 X 10’ 

0 0 X 10* 

Not included m this 

ftrteni 

4 4 

Ptr (ent 

100 

(2) I 3 X 10’ 

2 1 X 10’ 

8 9 X 10’ ' 

expenment 
hiot included m this 

2 6 

42 

(3) 6 3 X 10’ 

5 0 X 10’ 

1 0 X lo** 

cipenraent 

1 0 X 10'* 

12 6 

100 

(4) 2 5 X 10’ 

S 0 X 10’ 

1 0 X io« 

1 0 X 10'* 

50 

100 
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CONCLUSIONS 

1 The inactivation of antistaphylococcus bactenophage suspended 
in infusion broth at pH 7 6 and 22°C by HgCls proceeds according to 
the equation dP/dt = k [HgCl ] [P — -PJ over the range studied 

2 This inactivation can be reversed by preapitation of Hg++ with 
HiS In the present experiments the inactivation was earned out until 
only some S per cent of the imtial phage remained active After 
reactivation the [P] had increased to 100 per cent of the initial [P] 
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THE EFFECT OF ULTRAVIOLET LIGHT ON PHOTO 
SYNTHESIS 

Bv WILLIAM ARNOLD 

(from the Laboratory oj General Physiology Barnard Umoersity, Cambridge) 
(Accepted for publication, July 18, 1933) 

I 

In studying the hilling of small organisms by x rays, or rays, and 
ultraviolet hght, a number of mvestigators (Crowtber, etc (1)) have 
found that the results could be most simply eicplained by the assump 
tion that one quantum or one a particle caused death by hittmg a cell 
These results are of mterest for two reasons First, quantum mecha 
nisms may possibly exist m hving material Second, the method of 
studying small structures by their interaction with photons is not sub- 
ject to the limitations imposed on the microscopic method by the 
wave nature of hght (An example of this is DuMond’s recent 
investigation — by the Compton effect— upon the magmtude and dis 
tnbution of veloaties of electrons inside the atoms of solid metals 
(DuMond (2)) ) 

This paper has to do with the effect of the ultraviolet radiation (Hg 
2537 A) on the green alga Chlorclla pyrenotdosa However, death 
will not be used as an end point because it might result from a number 
of different causes and is difficult to define and to test for Instead, 
attention will be concentrated on some function of the cell — respira- 
tion, fermentation, or photosynthesis — on the assumption that the 
mechanism of that function is more uniform m its sensitivity to the 
radiation than are the cells themselves The effect of the radiation on 
this function will be studied manometncally by the method desenbed 
by Warburg (3) and Emerson (4) This method allows the use of a 
far larger number of individuals than can be used when counts must 
be made One expenment involves ISO milhon cells, thus reduang 
the rAle of statistical vanation to a minimum 
135 
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n 

The device for determining the number of quanta involved is as 
follows 

One Quanlum Hit 

If we have N mdmduals of Type A, one quantum can change an A 
to a B 

A + Ap B, 

the rate of destruction of A is given by 

dN 

- — = NQP (I) 


where Q is the rate of absorption of quanta by one A 


Q 


7/iF 

hy 


when 

I = hght mtensity 

= absorption coefficient 
V = volume of A 

and P IS the probabihty of an absorbed quanta effecting the change A 
to B (P admits the possibihty of an absorbed quantum not 
makmg a change in A ) 

The solution of equation (I) is — 

N = No e~ (II) 

No = number of A present before irradiation, 

/ = tune of irradiation 

Equation (EE) gives 

/N\ 

Plottmg In I — j (suraval ratio) against tune gives the graph shown 
in Fig 1 The value of the slope wiU be —QP 



WnxiAM ASNOLD 


137 



Two Quanta Bit 

If It takes two quanta to effect the change of A to B, we obtain 
A + *F A' 

where A' cannot be distingmshed by the experiment from A 
A' + *F -» B 

B = the “killed” or mactive form of A 
Q — the rate at which quanta are absorbed by one A or A' 

P = the probabihty of a hit bemg effective (It should he stated 
'that P might be different for A and for A' ) 

B = number of umts of A before irradiating 
fV [= number of units of (A + AO at any time 
t = time of irradiation 
•S' = number of umts of A at any time 
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From equation (II) we have 

c Til - QP‘ 

S = No e 

— — will be proportional to the number of A's present, that is, to 
dt 

(N - S) 


- = (•*'- -5) e e pjx - Jf. < 



The solution is 

iV = e" {QPNol + C) (rv) 


when / = zero, so that the constant C = No and 



WaUAM AltNOLD 


139 


taking the log of each side we ha\ e 

la = - QPJ + In (1 + QPI) (V) 

Hotting In {sunnval ratio) against tune, we have the curve gi\ en in 
Fig 2 A companson of Figs 1 and 2 shows the possibdity of deter- 



MlaO O 20 

Time 

Fig 3 it is the curve for respiration Shows no effect Pis the curve for photo- 
synthesis It shows one quantum to kill type of effect 

minin g the number of quanta mvolved m the change from the shape 
of the curve for In (survival ratio) agamst time As the number of 
quanta mvolved increases, the curves shift progressively to the right 
(Cune (1)) 

m 

For the eiqienments S mm’ (ISO milhon) of CMorclla pyenotdosa 
cells were suspended m 1 5 cc of Warburg’s carbonate buffer (Murture 
IX), (Warburg (3)), m a small quartz Warburg vessel Photosyn- 
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thesis and respiration were measured as a function of the time of irra- 
diation The cells were rayed m the vessel with the hght from a 
quartz mercury tube It is possible by electrodeless discharge m 
mercury vapor mduced by a radio frequency cod (X = 3M ) to obtam 
hght from 90 to 96 per cent monochromatic for the 2537 A hne 

When the In {surovoal ratio) for respiration and for photosynthesis 
are plotted agamst the time of irradiation we obtain the land of result 
shown in Fig 3 

P, the probabihty of a hit bemg effective, may be determmed from 
the foUowmg experiment 5 mm ^ of cells were used as before The 
energy output of the ultraviolet tube was measured by Dr F L Gates 


TABLE I 

The Effect of Ultraviolet Radiation on Photosynthesis 



Rate 

In rate 


AA tnm. for 

S min pcnod 


Before irradiation 

25 4 

3 2348 

After 5 mm ultraviolet irradiation 

15 2 

2 7213 


For 5 minutes In ( — J = —0 5135 or the slope = — — = — 1 7 X 10“® 
\nJ 300 

second"^ 


and found to be 37 4 ergs per mm ^ per second at the pomt where the 
quartz vessel was placed The area exposed was 160 mm ^ Measure- 
ments with a Weston cell (quartz wmdow) showed that 52 per cent of 
the inadent hght was absorbed by the Chlorella suspension This 
means that the cells absorbed 3 1 X 10’ ergs per second The energy 
of one quantum of 2537 A wave length is 7 7 X 10"“ ergs By dmd- 
mg this number mto the energy absorbed we obtam 4 X 10’* as the 
number of quanta absorbed per second 

The numerical value of P depends upon what element we assume to 
be destroyed by the ultraviolet light Table 11 gives the calcidations 
for three possible assumptions first, individual Chlorella cells, second, 
photos 3 Tithetic umts, third, chlorophyll molecules 
According to hemocytometer counts there are 30 milhon Chlorella 
cells per mm * of the cell matenal 
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Defining the number of photosynthetic umts as the number of 
carbon dioxide molecules reduced per flash when the flashes are so far 
apart that they do not mterfere with one another, and when the flashes 
are bright enough to produce hght saturation — then the number of 
photosynthetic units is 


13 2 X 0 185 X 6 06 X I0»' 

5 X 60 X IS X 1000 X 22 400 


1 46 X 10“ 


■where 

13 2 mm = the change of the manometer pressure m 5 minutes 
(determmed previous to the irradiation by ultranolet 
hght) 

0 185 = the vessel constant 

15 = the number of flashes per second 


TABtE n 


Three Possible Values of P 



N 

0 

P 

Elemest usamed to be bit by ultnviolet bgbt 

Ongutal Ko 
pre«ent In vessel 

Average No ©f 
aoaBU absorbed 

per unit per second 

PrebebQity 

17X10-* 

Q 

Chlorella cell 

150 X I0» 

2 7 X I0« 

6 3 X 10->® 

Photosynthetic unit 

1 46 X 10»» 

2 7 X 10 

6 3 X 10-* 

Chlorophyll molecule 

3 6 X 10>* 

1 1 X 10“* 

1 5 X 10-» 


The number of chlorophyll molecules is equal to the number of 
photosynthetic umts multiphed by 2480 (Emerson and Arnold (5)) 
Although the relative probabihties are correct, the absolute magmtudes 
are subject to an error perhaps as large as 500 per cent It has not 
been possible as yet to grow two cultures giving identical slopes 
Furthermore, the hght mtensity has not been corrected for reflection, 
or for absorption by different parts of the cell A new absorption cell 
IS now being made with which the absorbed energy can be determined 
■with greater preasion 

The value 1 5 X 10-' for P suggests at once that it is the chlorophyll 
molecule which is affected by uitra'violet hght To test this assump 
tion arrangements were made ■with Professor J B Conant and Dr 
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Dietz to examine the chlorophyll chemically A culture of Chlorella 
pyrenotdosa was irradiated with ultraviolet hght until manometric 
tests showed that the photosynthesis had been reduced to less than 10 
per cent of its onginal rate The culture was then given to Dr Dietz 
who made extracts within less than 1 hour from the time of irradiation 
Previous measurements had shown that the damage to photosynthesis 
by ultraviolet light lasts for at least 7 hours The following is 
Dr Dietz’ report 

“The suspension of Chlorella was centrifuged, washed once with distilled water 
and the chlorophyll was extracted by grinding with sand in the presence of acetone 
Ether was added to the acetone solution and the acetone removed by washing 
carefully with water 

Suitable tests showed that the chlorophjdl was unchanged chemically A pro- 
longed yellow phase color was obtained on shaking the ether solution with methyl 
alcohohc potassium hydroxide, hence no allomerization had taken place Neither 
0 01 N potassium hydroxide nor 22 per cent hydrochloric acid extracted any of 
the pigment, hence the phytyl group had not been removed A hot quick saponifi- 
cation carried out accordmg to the Willstatter procedure followed by methylation 
and acid fractionation mdicated that chlonn c and rhodm g esters were the sole 
products and were formed m the normal 3 to 1 ratio This showed that no oxida- 
tion of the chlorophyll or alteration of the ratio of the a and b components had 
taken place ” 


TV 

CONCLUSIONS 

The fact that the chlorophyll appears to remain unchanged chemi- 
cally allows two conclusions, — either that there is a change so subtle 
that it escapes detection, or that the ultraviolet hght destroys a sub- 
stance other than chlorophyll If the first proves true, then a mecha- 
nism like that suggested by Conant, (Conant, Dietz, and Kamerhng 
(6)) may be used to explam the high ratio between chlorophyll content 
and photosynthesis per flash (Emerson and Arnold (5)) If the second 
is the correct conclusion, then the hypothetical substance must be 
proportional to, and a ver}’- small fraction of, the chlorophyll content 
of the cell The probabihty calculated for the photosynthetic unit fits 
this conclusion — because most of the absorbed quanta would be taken 
up by the chlorophyll vhich is present in a much higher concentration 
than is the h 3 'pothetical substance Hovever, Warburg’s highlight 
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efBaency for ChlorcUa is difficult to understand from this pouit of view 
We would expect the chlorophjU to act as an internal screen 

It IS probable that when the mechanism of the photosynthesis of 
green plants is finally described, it wiU be found that the study of the 
quantum relationships of both the visible and ultraviolet hght have 
played an important part 

The writer is much indebted to Dr E M Dietz, Professor J B 
Conant, Professor W J Crozier, and Dr F L Gates for help and 
advice 


V 

SUMMARY 

1 An unidentified umt m the mechanism of the photosynthesis of 
Chhrella pyrcnmdosa is rendered mactive by the absorption of one 
quantum of ultraviolet hght (2537 A wave length) 

2 The same irradiation has no effect on the normal respiration of 
CUorcUa pyrenotdosa Experiments have not yet been made on the 
respuation mhibitable by HCN 

3 No chermcal change was detected m the chlorophyll extracted 
from irradiated cells 
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THE ORDER OF THE BLACKMAN REACTION IN 
PHOTOSYNTHESIS 

By william ARNOLD 

{From the Lahoratory of General Physiology, Eareard Unieersily, Cambridge) 
(Accepted for pubbcation, July 18, 1933) 

I 

Previous studies (Emerson and Arnold (1, 2)) have shovra that the 
photosynthesis of Clilorella pyremndosa involves a photochemical 
reaction of the first order not appreaably affected hy temperature, and 
a dark reaction (the Blackman reaction) dependent on temperature 
This paper wiU attempt to prove that the Blackman reaction is of the 
first order The argument will be based on the effect of ultraviolet 
bght on photosynthesis 

n 

ARGUMENT 

It has been shown (Arnold (3)) that ultraviolet light (2537 A) 
destroys the photosynthetic mechamsm m Chhrella pyrenotdosa 
There are two ways to measure this destruction of photosynthesis 
first, by using bright flashes of light spaced so far apart that the 
measurements are independent of the Blackman reaction, second, by 
very bnght and contmuous hght m which the Blackman reaction will 
be the pace setter The order of the Blackman reaction can be de- 
tenmned from the relationships between the survival ratios for the 
two methods of measurmg photosynthesis The survival ratio is 
defined as the rate of photosynthesis after irradiation by ultraviolet 
light, divided by the original rate of photosynthesis 

Let 

N = the number of umts ready to undergo the photochemical reaction 
n ■= the number of units ready to undergo the Blackman reaction 
X = the order of the Blackman reaction, 1,2, 3, 

Since the process as a whole is thought to be a cyclic one, 

N + --K 
% 
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THE ORDER OF THE BLACKMAN REACTION 


where Ko is a constant for the cells, proportional to their chlorophyll 
content After irradiation by ultraviolet hght K„ is replaced by a 
smaller number K This substitution represents the damaging of the 
photosynthetic mechanism by ultraviolet hght 


Deivoahon of the Survival Ratio for Flashing Light 
The rate of the photochermcal reaction is (Emerson and Arnold (2)), 


dt 


AIN 


where 

A = a reaction constant nearly independent of temperature 
I = the hght intensity 

(The Blackman reaction may be neglected because it is very slow com- 
pared with the time of the hght flash, 10"® sec (Emerson and Arnold 
(2)) ) The solution of the above equation after substituting Ko for 
the integration constant is 


When the SI is evaluated over one flash of hght 


where iVj = number of units unchanged by the hght The photo- 
sjmthesis Mo effected by one flash will be given by 

Mo = Ko - A^X = Kod - 

Similarly for M the photosynthesis effected by one flash after the 
ultraviolet treatment, we have 

M = K(1 - e" 

The gas exchange measured in a 5 mmute penod is proportional to 
Mo and M, because there will be the same number of flashes in each 5 
minute interv’^al That is, there will be 5 X 60 X 15 (for fifteen flashes 
per second) 

Then 

Tie stimtal ralto 
for fashing light 


1 _ _ ATd - e _ K_ 

j' Mo ~ ~ Ko 
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Denvatton of Sumval Ratwfor Btgh Intensity Continuous Light 
R„, the rate of the Blackman reaction, is 
je. = Sn‘ 

where B is the reaction constant dependent on temperature If the 
light intensity is high enough to effect light saturation for the plants, 
then 

N - 0, 

so that from the equation 

N + "-K 

X 

we obtain 


n xK 


Substituting this value for n m the equation for rate we have, 
R = BtxK f 


In order to find the rate after ultraviolet irradiation the assumption is 
made that ultraviolet hght does not affect the reaction constant B, 

R = BtxK)’ 


These rates are the same as the experimentally determined rate for 

the photosynthetic process as a whole 

Then, 


The siimval relief 
for high tnlenrjly, 

ctmtinuffM Ifg/fl J 


K _ ^ ^ £ Y 

B. BflKT )* / 


But this is the survival ratio for flashing hght raised to the power x, 
the order of the Blackman reaction 


in 

EXPERIMENTAL 

5 mm 3 of Chlorella pyrctwtdosa cells T\ere washed and then suspended 
m a carbonate buffer solution (85 parts of 0 In potassium bicarbonate 
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and 15 parts of 0 1m potassium carbonate) in a Warburg vessel 
Photosynthesis was measured by readmg the manometers every 5 
minutes, first when the cells were exposed to very high contmuous 
hght, and second when the cells were illuminated by 10~® second flashes, 
15 per second The cells were then irradiated for 5 minutes by ultra- 
violet hght, more than 90 per cent monochromatic for the 2537 A 
hne of mercury Photos)mthesis was agam measured and survival 
ratios dete rmin ed The results appear m Table I 
Accordmg to the argument m Section 11, the power to which the 
survival ratio in flashmg hght must be raised to give the survival ratio 
m contmuous hght corresponds to the order of the Blackman reaction 


TABLE I 

Survival Ratios for High Intensity Continuous Light and for Bright Flashing Light 



A h mm for S min period 
before irradiation 

A h mm for S min period 
after 5 min of ultraviolet 
irradiation 

Survival ratios 

Experiment 

Continuous 

light 

1 Flashing 
light 

Continuous 

hght 

Flashing 

light 

Continuous 

light 

Flashing 

light 

1 

25 4 

n 


7 8 

m 


2 

21 3 


■B 

6 2 

■a 

■B 


The tabulated data m the hght of this argument are only consistent 
with a Blackman reaction of the first order 

IV 

Since one molecule of glucose contains six carbon atoms, and since 
it takes at least three quanta of visible hght to obtam enough energy 
to reduce one molecule of carbon dioxide, it is hard to conceive of the 
process of photos}mthesis consisting of first order reactions Perhaps 
photos 3 Tithesis may be pictured as in Fig 1 Let the arrow A repre- 
sent the manufacture of sugar, the arrow P the photochemical process, 
the arrow B the Blackman reaction P and B make up a turning 
wheel dnven by the hght energ)’’ The rotation of this wheel moves 
the process as a whole If some mechanism like that suggested by 
Conant (Conant, Dietz, and Kamerlmg (4)) proves to be applicable, 
then the constant Ko would represent the maximum amount of dehy- 
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drochlorophyll that can be present at one tune Whether it will be 
possible to explain by Professor Conant's scheme the ratio 2,500 
between chlorophyll content and carbon dioxide reduced per flash 
reznams to be seen 



Fig 1 


V 

SUMUAKY 

On the assumption that photosynthesis is a cychc process and that 
irradiation by ultraviolet hght does not change the reaction constants, 
the Blackman reaction is shown to be of first order 
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The method for the estimation of trypsm desenbed m this paper is 
essentially the same as our method for the estimation of pepsin (Anson 
and Mirsky, 1932) Trypsm is allowed to digest denatured hemo 
globm m a shghtly al kalin e phosphate solution Preapitation of the 
denatured hemoglobin by the phosphate or by salt added with the 
enzyme is prevented by urea The imdigested hemoglobm is precip- 
itated with trichloracetic aad The amount of digested hemoglobin 
not preapitated, which is a measure of the amount of trypsm used, 
IS estimated by the blue color which the tyrosme and the tryptophane 
m the digested hemoglobm give with the phenol reagent Cysteme 
and heme (even heme whose iron is m the feme state) also can reduce 
the phenol reagent But there is very little cysteme m hemoglobm 
and all the heme is preapitated with trichloracetic acid 

The procedure has several advantages Many estimations can be 
made in a short time, the results are entirely reproduable, the 
hemoglobm solution keeps for at least a month without change , and the 
rate of digestion is not sensitive to considerable amounts of aad, 
alkah, urea or glycerol added with the enzyme 
The procedure has two disadvantages In the first place, the hemo 
globin solution cannot be used for the estimation of the active native 
trypsm m a mixture of acti\e native and mactive denatured trypsms 
because mactive denatured trypsm changes mto active native trypsm 
m the hemoglobm solution just as it does m all the protan solutions 
which have hitherto been used for the estimation of trypsin This 
change can be prevented by making the hemoglobm solution more 
alkalme as is desenbed m a followmg paper In the second place, 
151 
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the activity of a crude pancreatic extract is higher when measured 
by the digestion of hemoglobin than when measured by the change 
in the viscosity of gelatin The reasons for this are being studied 
In the experiments with purified trypsin so far carried out the two 
methods yield the same results 

Commercial dned proteins can be used instead of hemoglobin pre- 
pared in the laboratory They are of dubious reproducibihty and 
they contain considerable and vanable amounts of color-producing 
substances not precipitated by trichloracetic acid 

When gelatin, casein or any other non-reproducible protein sub- 
strate IS used for the estimation of trypsin by any method, the pro- 
cedure can be calibrated by means of a solution of punfied trypsin 
whose activity has been measured by the hemoglobin method which 
yields reproducible results The calibration curve states the extents 
to which a particular sample of protein is digested under given 
conditions by different known amounts of trypsin A sufiBciently 
purified trypsm can be prepared from commercial trypsin in a few 
minutes by a modification of the Northrop-Kumtz procedure (1932) 
which avoids several filtrations A solution of this partially punfied 
trj^sin which digests hemoglobin at the same rate as a solution of 
crystalline trypsin also has the same effect on the viscosity of gelatin 
as does the crystalhne trypsin 

The Procedure — 1 ml of enzjane solution is added to 5 ml of the hemoglobm 
solution to be described later The 175 X 20 mm test-tube containing the 6 ml 
of digestion mixture is ivhirled and placed in a water bath at 25‘’C After 5 
minutes 10 ml of 5 per cent tnchloracetic aad are poured in from another test-tube, 
the suspension is poured back and forth, allowed to stand 5 minutes and filtered 
To 5 ml of filtrate are added 10 ml of 0 SO n sodium hydroxide and 3 ml of the 
phenol reagent of Fohn and Ciocalteau (1927) diluted three times (cf Wu, 1922, 
and Greenberg, 1929) The reagent is added drop by drop with stirnng and is 
al\\a\ s added in the same ^\a^ After 1 to 10 mmutes the blue color is read against 
the color developed from 0 00083 milliequivalents (0 15 mg ) of tyrosine dissolved 
m 5 ml of 0 2 N h} drochloric acid 

If the tnchloracetic aad suspension is filtered immediately mstead of after 5 
minutes the first half of the filtrate contains some undigested hemoglobm m fine 
suspension and this first portion must accordmglj be rejected or refiltered Cen- 
tnfugation can be used mstead of filtration without any difference m results 

Prcparalwn of Tyrosiuc Standard — ^Thc Urosme is thnee crystallized and its 
concentration is estimated by Kjeldahl (100 mg tyTosme «= 7 74 mg nitrogen) 
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It IS stored at room temperature in 0 2 n hydrochloric aad containing 0 5 per cent 
formaldehjde Some preservative is needed to prevent the destruction of t\TO> 
sine by mould even in the cold. Formaldeh\de does not affect the color value of 
tyrosme 

Copper sulfate solution or a blue glass inserted in the plunger of the colorimeter 
can be used as a standard instead of the blue solution obtamed from t>TOsine 
Although these standards do not match the tyrosine blue in white light thej do 
match it m the fairly monochromatic red hght transmitted b> the Coming Glass 
Fflter No 241 

Rubber, even after being boiled with alkali, contains reducing substances which 
can be extracted, by the reagents so all contacts with rubber should be avoided 

Preparalton of the Hemoglobin Solutiem — Defibnnated bovme blood is centn 
fuged the serum and white corpuscles are siphoned off and the red corpuscles are 
washed once with an equal volume of 0 9 per cent sodium chloride solution.^ 
Water is added to give a solution contaimng m 100 ml 10 5 gm hemoglobm or 
1 86 gm mtrogen This solution is stored frozen in paraffined paper ice-cream 
contamers 

To denature the hemoglobin and to remove substances not precipitated with 
tnchloracetic aad which give a color with the phenol reagent, one proceeds as 
follows A mixture of 220 ml 10 5 per cent hemoglobm and 11 ml In sodium 
hydroxide is brought to 50-60 C and is added to 1300 ml of water previousl> 
brought to 100*C There is then added with mechanical sUmng 26 ml of a 
solution Sum respect to sodium chlonde and 0 5 ii in respect to RHjPOi The 
resulting suspension is filtered on a folded paper, the preapitate is washed with 
water transferred to a beaker, weighed and enough water added to make the 
weight 400 gm 400 gm of urea are then stirred up with the preapitate and 160 
ml of 1 N sodium hjdroxide are added- After solution of the protein and the 
urea 200 ml of 1 ii KHaPOi plus 240 rak water are added The solution is stored 
in the cold with toluol as a preservative The solution is the same as would be 
obtamed by addmg 40 gm of urea to 100 gm. of a solution which contains 2 2 gm 
denatured hemoglobin (about 5 per cent of the protem is lost) and the equivalents 
of 100 ml of 0 2 M KHtP04 and 80 ml of 0 2 M sodium hydro-ade 

Preparalton of Solutions of Commercial Dried Proteins — 25 gm of edestin 
(La Roche) hemoglobm (Eimer and Amend) or casern (after Hammarsten) are 
mixed with 400 gm urea This mmngfaabtates the solution of the protem In 
the case of casern and edestin, the protem and urea are simply put together m a 


^ These washed corpuscles can be stored frozen and after being dialyzed and 
acidified r^n be used for the estimation of pepsm instead of the purified hemo- 
globin solution already described (Anson and hliraky, 1932) which is more 
difficult to prepare. The one aad hemoglobm soluUon which we have prepared 
from frozen corpuscles was digested at the same rate as the purified hemo- 
globin- 
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flask whidi IS wlurled In the case of hemoglobin the protein and urea are ground 
together in a mortar 240 ml ivater and 160 ml 1 N sodium hydro'ude are added 
to the urea-protein mixture and the solution is brought to room temperature 
After the protem is dissolved (and denatured) 200 ml 1m KH2PO4 and 375 ml 
water are added Eimer and Amend’s hemoglobin dissolves more readil} than 
other commercial hemoglobins ve have tried Although it is labelled pure it is 
contammated with other proteins Of the three protems, edestm is the most 
rapidl j digested A sample of the HofTman-La Roche edestm, however, w as not 
digested at the same rate as crj stalhne edestm prepared m the laboratory 

2 


c» 
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Tyrosine added to bemoglobm filtrate -luiUicquivalcnts XIO* 

Fig 1 Color t*alues of t-arious amoimts of UTOsine dissolved in hemoglobin 
filtrates 

Calculalwjis 

WTiat is measured is the color value of 5 ml of the trichloracetic 
aad filtrate from digested hemoglobin m terms of the amount of t>To- 
sine which wxiuld gi\ e the same color under the same conditions For 
the purposes of calibration it must, therefore, first be determmed how 
much color w ould be gl^ en bj’ various known amounts of tjTosine in the 
tnchloracetic aad filtrate from undigested hemoglobm winch contains 
m addition to tnchloracetic aad, phosphate and urea a small amount 
of color-produang substance not preapitated b} tnchloracetic aad 


U 1. ANSON AND A E KCRSKY 13i 

10 parts 5 per cent tnchloracetic acid are added to a mixture of 5 
parts hemoglobm solution and 1 part water To 5 ml portions of the 
filtrate are added 1 ml portions of 0 1 n hydrodilonc aad containing 
vanous amounts of tyrosme The colors developed with sodium 
hydroxide and the phenol reagent are read against the color developed 
from 0 15 mg or 0 00083 milhequivalents, tyrosme dissolved m 5 ml 
0 2 n hydrochlonc aad plus 1 ml water Fig 1 shows how many 






7 8 J 10 n 11^ » M 15 16 17 la 19 

Tpypjln onc«>tr*Uoo nUJ"' 3C10* 


Fig 2 Relation of trj-psin concentrauon to color value of digesUon products 
5 ml filtrate 5 minutes digestion at 25 C 


milhequivalents of tyrosme m hydrochlonc aad are needed to give 
the same color as any given amount of tyrosme dissolved in the 
tnchloracetic aad filtrate 

Digestion is now earned out with vanous amounts of enzyme 
Fig 2 gives the color values of the filtrates in terms of the amounts of 
tyrosme in the filtrate which would give the same colors In practice 
smee the properties of the hemoglobm solution are constant one 
avoids calculations by using a curve m which the amounts of trypsm 
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are plotted directly against the colonmetnc readings when the stand- 
ard IS set at 20 One does not have to use diSerent cahbration curves 
if different penods of digestion are used because increasing the diges- 
tion tune n times is always equivalent to mcreasmg the enzyme con- 
centration n times 

For the purpose of usmg the hemoglobin-urea procedure the trypsin 
umts may be considered as arbitrary numbers which are proportional 
to the amounts of trypsm which give the amounts of color-producing 
substances expressed by the curve In order, however, to make the 
hemoglobm trypsm umt comparable with other units of proteolytic 
activity (Northrop, 1932, Anson and Musky, 1932) the following 
definition has been adopted One umt of trypsm produces in 1 
minute at 35 5°C m 6 ml of the digestion mixture an amount of color- 
produang substance not precipitable with tnchloracetic acid which 
gives the same color as 1 nulheqmvalent of tyrosme This defimtion 
assumes that the extent of digestion is proportional to the concentra- 
tion of enzyme and to the time of digestion These assumptions are 
correct only when the amount of digestion is small smce as digestion 
proceeds the trypsm is mhibited by the products of digestion The 
slope of the curve of Fig 2 for small amounts of digestion is 1/5 X 
16/5 X 1 75 or 1 12 tunes less steep than it would be if the determma- 
tion were earned out as desenbed m the defimtion because the diges- 
tion IS earned out for 5 mmutes mstead of 1, only 5 ml of filtrate are 
used in the colonmetnc estimation mstead of the total 16 and the 
digestion is earned out at 25°C mstead of at 35 5°C at which it is 
1 75 times faster 

Efcct of VariaUons m the Composjhon of the Digestion Mixture on the 

Extent of Digestion 

Hemoglobins from the bloods of different individual animals are 
digested at the same rate Doubhng the hemoglobm concentration 
or reducing it 10 per cent has no detectable effect The amount of 
urea can be increased or decreased 5 per cent, or the eqmvalent of 1 
ml of 0 1 N h\ drochlonc aad, 0 1 N sodium hydroxide or 10 per cent 
gh cerol can be added to the digestion mixture without changmg the 
extent of digestion 3 per cent 

Preparation of Purified Trypsin for the Standardization of Non- 
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Reproducible Proteins — 1 gm of Fairchild’s trypsin is suspended in 
25 ml 0 1 N hydrochloric aad, heated for 1 minute at 80°C and cooled 
rapidly to room temperature with ice water After 10 minutes, 6 
gm of ammomum sulfate are added and the suspension filtered To 
each 10 ml of the filtrate are added 2 gm ammomum sulfate 
The resultmg preapitate is centrifuged and dissolved m enough 
0 005 N hydrochlonc aad to make the final volume 25 ml This 
final solution has about 0 01 activity umt per ml , i c , it has to he 
diluted about 10 tunes for estimation 

SUMMARY 

The formation from hemoglobm of spht products not preapitable 
by trichloracetic aad is taken as a measure of tryptic activity The 
spht products are estimated colonmetncally 
Many measurements of tryptic activity can be made in a short 
tune and different samples of hemoglobm yield the same results 
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Trypsin, which can catalyze the hydrolysis of proteins, is itself 
a protein (Northrop and Kunitz, 1932) The denaturation of pro 
terns IS reversible (Anson and Mirsky, 1931) When trypsm is 
denatured its proteolytic activity is completely lost When the 
denaturation of trypsin is reversed the ongtnal proteolytic activity is 
completely restored (Northrop, 1932) The denaturation of trypsin 
and its reversal can therefore be followed by measurements of pro 
teolytic activity The present paper desenbes a technique for the 
measurement of the activity of native trjTism in the presence of 
mactive, denatured trypsm Later papers will desenbe the apph- 
cation of this technique to the study of the effect of various denatunng 
agents such as heat, aad alcohol and urea on the equihbna between 
native and denatured trypsm and on the rates of the denaturation of 
trypsm and its reversal 

To estimate trypsm the enzyme is added to a solution of protein 
and the rate of digestion is measured In all the protein solutions 
which have hitherto been used reversal of the mactivation and dena- 
turation of trypsm take place If active, native tryqism is to be 
estimated m the presence of mactive, denatured trypsm, such change 
of mactive into active trypsm dunng the very estimation must ob 
viously be avoided This we have succeeded in doing by adding a 
suitable amount of the denatunng agent, urea, to the digestion 
mixture 

We have already desenbed a method for the estimation of trypsm 
with hemoglobm (Anson and hlirsky, 1933) which can be used when 
the reversal of inactivation need not be considered Digestion of i 

m 
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denatured hemoglobin by tr^^psin is allowed to take place m a 
slightly alkahne solution buffered with phosphate Preapitation of 
the denatured hemoglobm is prevented by urea The undigested 
hemoglobm is precipitated with trichloracetic acid The digested 
hemoglobin not precipitated by tnchloracetic acid, which is a measure 
of the amount of trypsm used, is estunated by the blue color it gives 
with the phenol reagent Considerable amounts of acid, alkah or 
glycerol can be added with the enzyme without any effect on the 
rate of digestion 

The change of mactive mto active trypsm which takes place in the 
standard hemoglobm solution used for the ordinary estimation of 
trypsm can be prevented by adding more urea or (as is done m the 
procedure to be descnbed) more alkah If too much urea or too 
much alkah is added not only is the change from mactive to active 
trypsm prevented but the active trypsm is mactivated so fast that 
no measurement of activity is possible In a digestion mixture in 
which there is neither reactivation nor a too rapid mactivation the 
rate of digestion is slower than it is m the standard hemoglobin solu- 
tion used for the ordinary estimation of trypsm and the rate of diges- 
tion is much more sensitive to small changes m pH and urea 
concentration 

The general method of preventmg reactivation during an ana- 
lytical procedure by having present an inactivating agent such 
as urea may prove to be of use not only m the study of the 
denaturation of pure proteins but m testmg for the protem nature of 
biologically active substances which have not been isolated but which 
are present m extremely dilute solutions together with many impuri- 
ties One would expect a protem substance regardless of its concen- 
tration or of the presence of impunties to lose its activity if exposed 
to denaturation procedures or to the proteolytic activity of trypsin 
Trj-psm, Itself, howe\er, which is a protem, can be heated in acid to 
100°C without any permanent loss of activity, for the denaturation 
and inactivation which take place on heatmg are reversed on cooling 
There are protems like hemoglobin which m their native form are 
not attacked by trj-psm although m their denatured form they are 
rapidly digested If a substance does not lose its activity when 
exposed to a denaturation procedure or to trj'psm it may mean, there- 
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fore, not that the substance is not a protein but that there has been, 
as in the case of trypsin, reversal of denaturation or that, as m the 
case of hemoglobin, the protein must be denatured to be digested by 
trypsm To mahe sure that there has been no mactivation by dena- 
tuiation the activity diould be measuied under conditions 'which 
prevent the reversal of denaturation To make sure that the sub- 
stance is not digestible by trypsm the substance should first be ex- 
posed to conditions known to cause denaturation and then brought 
to the shghtly alkaline solution smtable for tryptic digestion m the 
presence of some substance such as urea which will keep the substance 
denatured 

The Procedure — 5 ml of the hemoglobm solution to be described are poured 
from a 175 X 20 mm test tube into 1 ml of the enzyme solution in a second tube, 
the solution is poured back and forth and the two test tubes are placed maw ater 
bath at 25 C Sometime during the digestion penod the small amoimt of solution 
m the test tube from which the digestion mixture was last poured is dramed into 
the other test tube After 5 minutes 10 ml 5 per cent trichloracetic acid are added, 
the suspension is mixed with the few drops of digestion mixture still left m the 
third tube, allowed to stand 5 minutes and filtered To S ml of filtrate are added 
10 ml of 0 SO N sodium hydroxide and 3 ml of the phenol reagent (Fohn and 
Ciocaltcau 1927) dfluted three times are added dropwise with stirring and alwaj’s 
m the same way After 1 to 10 mmutes the blue color is read against the color 
developed from 0 00083 rmlhequivalents (0 15 mg ) of tyrosine dissolved m 5 ml 
of 0 2 N hydrochlonc acid containmg 0 5 per cent formaldehyde If the colon 
metnc comparison is made in the fairly monochromatic red light transmitted 
by the Cormng glass filter No 241 almost any blue glass or a blue solution can be 
used as a standard 

Preparation of the Hemoglohin Solution — Defibnnated bovine blood is centn 
fuged, the serum and white corpuscles are siphoned off and the red corpuscles are 
washed once with an equal volume of 0 9 per cent sodium chloride solution 
Water is added to give a solution containing m 100 ml 10 5 gm hemoglobin or 
1 86 gm nitrogen This solution is stored frozen m paraffined paper ice cream 
containers 

150 ml of 10 5 per cent hemoglobm plus 7 5 ml 1 n sodium hydroxide at 
50-60 C are added to 900 ml of water at 100 C There is then added with 
mechanical stirring 18 ml of a soluUon Sum respect to sodium chloride and 
0 5 u m respect to KHjPOi The preapitatc is filtered washed and made up to 
390 gm with water 390 gm of urea and then 20 cc 1 n sodium h> droxide are 
added and the soluUon is brought to room temperature to insure the complete 
solution of the hemoglobm Finally, 160 ml of 0 5 u bone aad and 430 ml water 
are added and the soluUon is stored at 5 C with toluol as a preseivaUve, The 
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solution IS the same as would be obtained by addmg 39 gm of urea to 100 gm of a 
solution contaimng 1 5 gm denatured hemoglobm and the equivalents of 80 ml 
0 1m boric acid and 20 ml 0 1m sodium hydroxide 

Calihralioti — ^Digestion is earned out with various dilutions of a trypsin solubon 
vhose activity in terms of trjqisin umts has been measured by the standard 



Fig 1 Relation of trj’psin concentration to color value of digesbon products 


hemoglobin method The colors de\ eloped from 5 ml of trichloracetic acid 
filtrate are read against the color de\ eloped from 5 ml of the standard tyrosme 
solubon Fig 1 gnes the relabon between the trvpsin units and the colonmetnc 
readings when the standard is set at 20 The hemoglobm solution maj be kept 
at least 2 months without an\ change in the cahbration curve ana different prepa- 
rabons of the hemoglobin solution \ leld the same cahTrabon curve 
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T/ie Effect of Vanahons m the Composition of the Digestion Mixture 
on the Rate of Digestion — Increasing the urea concentration S per cent 
reduces the e-rtent of digestion 2 per cent Decreasing the urea 
concentration 5 per cent increases the extent of digestion 2 per cent 
The addition to the digestion mixture of the equivalent of 1 ml of 5 
per cent glycerol causes an mcrease of 6 per cent m the digestion, 
1 ml of 0 06 N hydrochlonc aad causes an mcrease of 4 per cent, and 
1 ml of 0 06 N sodium hydroxide causes a decrease of 6 per cent If 
more than 0 01 N acid or alkah is added with the enzyme then 0 5 
ml mstead of 1 ml of enzyme solution is used and there is added to 
the 5 ml of hemoglobm solution 0 S ml of a solution which exactly 
neutralizes the acid or alkali added with the enzyme 
Evidence of the Prevention of the Reversal of Dcnaturation — When 
trypsm is heated to 60°C in 0 01 hydrochlonc acid for 2 mmutes it is 
completely inactivated and denatured On coohng the solution the 
ongmal activity is restored If 5 ml of the hemoglobm solution plus 
0 5 ml of water are poured mto 0 5 ml of a hot 0 01 n hydrochlonc acid 
solution of trypsin which before heatmg contamed 24 X lO"’ units 
of active enzyme and digestion is earned out for 10 minutes only 0 65 
X 10“’ iimts of activity are found 
When trypsm is heated or cooled to 4S°C m 0 01 N hydrochlonc 
aad it IS about half mactivated and denatured The activity of such a 
mixture is the same whether or not the denatured half of the trypsin is 
first preapitated with salt and removed The experiment is earned 
out as follows Into 0 S ml of trypsm (1 72 X 10“’ [T U ] "'>) in 0 01 
hydrochlonc aad heated to 45'’C for 5 mmutes are poured S ml 
hemoglobm solution plus 0 5 ml water 1 ml of the mixture is 
immediately added to 5 ml of a mixture of 5 parts hemoglobm solu- 
tion and 1 part water The digestion is earned out tor 10 minutes 
after the hemoglobin solution was first poured mto the enzyme solu 
tion For the estimation with salt, 2 ml of 5 ii sodium chlonde in 
0 01 N hydrochlonc aad are poured mto 2 ml of the heated trypsin 
solution The resulting suspension is centnfuged 1 ml of the 
supernatant solution is added to 5 ml hemoglobin solution, 1 ml of 
this mixture is then immediately added to 5 ml of a mixture of 5 
parts hemoglobm solution to 1 part water and the digestion is earned 
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out as before By both methods the heated solution is found to have 

0 86 X 10"- umts of activity 

Ejffect of Vanahons in the Composition of the Digestion Mixture on the 
Extent of the Reversal of Inactivation — The less urea in the digestion 
mixture the more reversal of inactivation If the amount of urea is 
decreased 5 per cent the amount of reversal is still less than 5 per cent 
If the amount of urea is decreased a third about 20 per cent reversal 
takes place The results under these conditions are not very repro- 
ducible Acid favors reversal, alkali the reverse, but the addition of 

1 ml of 0 04 N hydrochlonc aad or sodium hydroxide (which is more 
than permissible if the rate of digestion by active trypsm is to be 
kept constant) has no significant effect on the extent of reversal 
Gl3’^cerol favors reversal The addition of the equivalent of 1 ml 
of 5 per cent glycerol to the digestion mixture increases the amount 
of reversal 60 per cent 


SUMMARY 

Inactive denatured trypsm changes into active native trypsin in 
the protem solutions which have been used to estimate tryptic activity 
If the digestion mixture, however, is alkahne enough and contains 
enough urea this change does not take place Such a digestion mix- 
ture can be used to estimate active native trypsin in the presence 
of inactive denatured trypsm 
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Pepsin, like other enzymes, is removed more or less completely from 
solution by vanous msoluble substances Dauwe (1) showed that 
msoluble protems were particularly efficient in this respect These 
results were confirmed by Abderhalden and coworkers (2) The writer 
found (3) that the quantity of pepsm removed by msoluble proteins 
depended largely upon the pH of the solution and that under certain 
conditions the ratio of the enzyme m the precipitate to that in the 
solution was the same as the chlonde ion ratio This result suggested 
that the pepsm was a negative ion and was distributed like any other 
ion in accordance with the Donnan equilibnum (4) In the acid 
range, however, between pH 2 0 and 5 0 the results were anomalous 
from this pomt of view smee much more pepsin was absorbed than 
would be expected from the Donnan equilibrium 

It has recently been found by Djmkerhoff and Tewes (5) and by 
Waldschimdt Leitz and Kofranju (6) that ciystalhne protems such as 
edestm or melon globulm also possess the property of absorbing pepsin 
from pepsin solutions, and Waldschmidt Leitz considers that the 
crystalhne foreign protem removes the active group from the pepsm 
protein If this explanation were correct a convenient means would 
be at hand to separate the active group of pepsm from the protem 
pepsm molecule, smee the foreign protem (edestm or melon globuhn) 
IS rapidly and completely digested by pepsm and since there is little 
or no loss m activity during peptic digestion It would ordj be 
necessary, therefore, to allow the complex of foreign protem and pepsm 
to digest until all the protem had been destroyed and the acti\ e pepsm 
must then be found m solution free from protem YTien this expen 
ment is performed, however, it is found that there is left m the digested 
I6S 
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edestm solution an amount of pepsm protem just eqmvalent to the 
peptic acti\nt}- present and eqmvalent to the loss m pepsm protein 
from the ongmal pepsm solution The absorption of pepsm by 
cr].*stalhne foreign protem, therefore, consists m the absorption of the 
pepsm protem, as such, and does not separate the pepsin protem mto 
an inert protem and an active pepsm group 
The absorption of pepsm b}* edestm shows a sharp maximum at 
about pH 4 0 and pepsm may be removed completely from dilute 
solutions by stirrmg with a suspension of edestm crystals at this pH 
The pepsm protem ma}* be recovered from the “edestm-pepsm” complex 
by allowmg the “edestm-pepsm” to autotyze, or by simply extractmg 
the edestm-pepsm with n/4 sulfunc acid at 0°C The recovered 
pepsm ma 3 ' be identified b}’' its tjnrosme-tr^qitophane content which is 
twice that of edestm and by its content of basic mtrogen which is 
about one-quarter that of edestm It may be readily recrystaUized 
and obtamed m the characteristic cr 3 ^talhne form and with the 
charactenstic specific actmty of the ongmal crystaUme pepsm If a 
suspension of edestm crj-stals at pH 4 0 is added to mcreasmgly con- 
centrated solutions of either cr 3 'stalhne or crude pepsm surpnsmgly 
large amounts of pepsm are taken up bj’' the edestm crystals and 
preparations maj be obtamed which contam nearly 50 per cent pepsm 
and are, therefore one-half as active as crj’-staUme pepsm itself and 
much more active than commercial pepsm preparations The general 
lorm and appearance of the edestm crj’stals is not markedly changed, 
but if the suspension of edestm crj'stals m the pepsm solution is allowed 
to stand for se% eral hours at room temperature the edestm gradually 
dissoh es and the pepsm content of the remainmg precipitate increases 
On longer standing the precipitate becomes less and less in bulk and 
finall\- dissoh es completeh', so that the final result is a solution of 
digested edestm containing the ongmal quantity of pepsm 

Tne rate oi autoh'sis can be mcreased b}’ dissolvmg the edestm- 
pepsm precipitate m h\ drochlonc acid The edestm protem is then 
\en,- rapidly destroi'cd and there is left the pepsm protem There 
IS no cnange m actmt}- dunng this process so that the autolysis of 
edestm-pcDsm differs stnkmgh' from the autolj'sis of pepsm itself, 
since in the latter case the destruction of the protem is paralleled by a 
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corresponding loss in activity while in the case of “edestin pepsin” the 
edestin is destroyed without any corresponding loss in activity There 
IS, therefore, no reason to consider the “edestin pepsin” complex as 
havmg any activity of its own aside irom that due to the content of 
pepsm protem 

If supersaturated solutions of autolyzed edestin pepsm or autolyzed 
solutions of pepsm alone are allowed to stand, the pepsm precipitates 
out m the form of spheroids, as Dyckerhoff and Tewes have shown (S) 
It IS characteristic of proteins to appear m this spheroidal form when 
conditions are not qmte nght for crystallization or when they have not 
been sufficiently purified The pepsm spheroids consist largely of pep 
sm but contam from 10 to 30 per cent non protem mtrogen They 
may be purified by solution and preapitation with acid or magnesium 
sulfate and the pepsm may then be obtamed m the usual crystal 
Ime form 

The edestm pepsm complex may also be formed by mmng cold 
solutions of edestm with solutions of pepsm A precipitate forms 
which vanes m composition and quantity with the pH of the solution 
The maximum quantity and the maximum activity agam are found at 
about pH 4 0 If the relative concentrations of pepsm and edestm 
are vaned at pH 4 0 the quantity of pepsm m the precipitate is a 
maximum when equal concentrations (by weight) of pepsm and edestm 
are mixed Under these conditions the precipitate contains nearly 
75 per cent pepsm and is about three quarters as active as crystalhne 
pepsm itself 

Smce pepsin and edestm both have an eqmvalent weight of about 
1,000 the precipitate havmg maximum activity corresponds approxi 
mately to three equivalents of pepsm to one of edestm Smce the 
molecular weight of pepsm is only one sixth that of edestm this cor- 
responds approximately to eighteen molecules of pepsm to one of 
edestm 

Similar experiments may be performed with the globulin from melon 
seed {Cucumis), as Waldschrmdt-Leitz and Kofrfinyi (6) have found, 
and also with gelatm In both cases the pepsm protem removed from 
the pepsm solution and taken up by the sohd protem corresponds to the 
loss of activity of the solution 
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EXPERIMENTAL RESULTS 

J Ahsorpkon of Pepsin by Edeslin Crystals from Crystalline Pepsin 

Solutions at Various pH 

Expertmeiiial Procedure — 0 1 per cent solution of crj'stallme pepsin was titrated 
to various pH -with sulfuric acid, cooled to 0°C and 1 gm crystalline edestin^ 
(La Roche) was then added to 25 ml of the solutions The suspensions were 
stirred for a few minutes and kept at 6°C for 18 hours The suspensions were 
then centnfuged, the precipitates washed vath 10 ml of vater and dissolved m 25 
ml of n/20 hydrochloric acid Samples of the ongmal suspensions, the super- 
natant solutions and the solutions of the precipitates were then analyzed for pepsm 
nitrogen, total nitrogen, tj'rosme equivalent and peptic activity by the hemo- 
globm method (7) Pepsm mtrogen was determmed by titrating the samples to 
pH 2 0 vith hi'drochlonc acid and keepmg at 33°C for 3 hours Anv foreign 
protem is digested under these conditions and the protem nitrogen remainmg is 
determmed as usual b}’’ precipitation with hot trichloracetic acid This protem 
nitrogen is called pepsm nitrogen It is essential that hot tnchloracetic acid be 
added to the cold pepsm solution as otherwise the pepsm may autolyze while the 
solution IS bemg heated 

The tyrosine equivalent is determmed by the development of the blue color with 
Folm’s reagent, 3 ml of the solution is treated with the reagent and the measure- 
ment earned out exactly as for the hemoglobm filtrate in the pepsm determination 
vith hemoglobin This gives the number of milligrams of t}TOsme which would 
give the same color as the t 3 'rosme plus trjqitophane contamed m the unknown 
solution 

The results of the analyses have been calculated to the basis of 1 
ml of the ongmal suspension 

The results of the expenment are shown m Table I and Fig 1 
There is a sharp maximum of absorption at about pH 4 0 and m this 
range 90 per cent of the activity is found in the precipitate Cor- 
respondingly about 90 per cent of the pepsin mtrogen is also m the 
precipitate The pepsin nitrogen is identified by the fact that it is not 
digested if allow ed to stand in acid solution and by its content of tyro- 
sine plus tryptophane (tyrosine equivalent) of about 0 64 mg tyrosine 
per mg pepsm mtrogen, while the tyrosine equivalent of edestm is 
about 0 34 In this expenment ow mg to the low^ concentration of 
pepsm the specific actn ity of the precipitate is low and is only about 
3 or 4 per cent that of the cr^-stallme pepsm 

^ 1 gm of this preparation contained 0 65 gm, dn edestm, as calculated from the 
nitrogen contenL 
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Fig 1 Absorption, of pepsin by crystalline edestm at vanous pH 


II Recovery of Crystalhne Pepsin from Edeshn-Pepsin Complex 

Expcrivtcutal Procedure — ^ 

tion 

No 

1000 gm of Parke, Davis pepsin dissolved in 2500 ml of water, pH about 5 0 1 

The solution cooled to and 40 gm crystalline edestm (La Roche) added, 
the suspension stured for about 2 hours, filtered through fluted paper and 
the precipitate n ashed tivice wnth water Precipitate consisted of shghtly 
deformed edestm erj stals The precipitate was suspended m water and 
titratedwnthhidrochloncacid topH2 5andkeptat20°C for24hours 2 
A shght flocculent precipitate formed which was filtered off and suspended m 
N /50 hi drochlonc acid ^ 

Filtrate allowed to stand at 6°C for 3 weeks Dark, oily gum settled on the 
bottom, insoluble m alkaU or acid and contained very little activity 
Supernatant solution decanted from this gum and the protem preapitated 
bi the addiuon of 1 lolume of saturated magnesium sulfate and filtered 
The preapitate was suspended m 8 ml of water, warmed to 45°C and 
dissoKedbi the addition of a few drops of n/ 10 sodium acetate 7 

N /2 sulfunc acid added until sUght cloud appeared and the solution allowed to 
cool slowh Preapitate consisted of spheroids mixed with some amor- 
phous material and a few pepsin crystals 8 
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Preapitate redissolved at 45°C and recrystallized as above Preapitate 
consists of pepsin crystals, dissolved in pH 5 0 sodium acetate 1 1 

Filtrate 10 

This filtrate was allowed to stand at 6®C and after 2 weeks most of the pepsin 
had crystallized out 

The vanous fractions obtamed in this way were analj-zed for total nitrogen 
pepsm nitrogen tyrosme equivalent, and basic mtrogen and their activities 
determined by a senes of methods (2) Basic mtrogen is determined by dissolvmg 
the sample in S u hydrochlonc acid and heating in the autoclave at 120 C for 2 
hours Total nitrogen IS then detemuned on 1 ml of this solution 2 mb of solution 
IS added to 2 mh of a saturated solution of phosphotungstic aod in 5 ir hydro 
chlonc acid and the mixture left 18 hours at 0 C It is centrifuged and the total 
mtrogen determined on 2 ml of the supernatant solution The difierence between 
this figure and the total mtrogen is the basic mtrogen 

The results are tabulated m Table n and are expressed as the total 
nitrogen or activity present m the entire fraction The results show 
that in this case about 1 per cent of the total activity and also of the 
pepsin nitrogen was taken up by the edestm The edestm pepsin had 
about one half the activity of the onginal Parke, Davis pepsm on the 
basis of total mtrogen content, as determined by any of the methods 
used, except the gelatm viscosity method The activity by the gelatin 
viscosity method is the same as that of the Parke, Davis pepsin so 
that the edestm has a shghtly preferential afBmty for the gelatmase 
fraction After autolysis and precipitation with magnesium sulfate 
most of the activity is found in the precipitate which now has about 
one-half the specific activity, on a total nitrogen basis, of the crystal 
hne pepsm This precipitate of amorphous pepsm when dissolved 
with alkah and then acidified and allowed to cool appears m the form 
of spheroids (“faigc/n”) mixed with a few crystals which have about 
the same specific activity as the amorphous preapitate When these 
spheroids are dissolved and crystallized m the usual way normal pepsin 
crystals are obtained with the same specific activity as the ordinary 
crystalhne pepsm except that they contain considerable gelatmase, as 
shown by higher specific activity as measured by the viscosity of 
gelatin Once crystallized pepsm always contams more or less of this 
gelatmase fraction and four or five crystallizations are required to 
free the pepsm completely from the gelatm sphttmg enzyme (9) 
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When the specific activity is calculated on the basis of the pepsin nitro 
gen content, t e protein nitrogen which is not destroyed upon standing 
in aad solution, the specific activity remains constant throughout all 
fractionations, as shown by the lower part of the table ^ In other 
words, the content of pepsm protem present in every fraction is just 
sufficient to account for the observed activity The fact that this 
protein mtrogen is really pepsin nitrogen and not edestin nor one of 
Its decomposition products is shown by the fact that the tyrosme 
equivalent and the basic mtrogen content is that of pepsm and not of 
edestin Identification is made complete by the actual recovery of 
typical pepsm crystals The per cent actually recov ered m crystaUme 
form IS rather small but is about what would be expected from a 



t>H 

Fig 2 Absorption of pepsin by crystalline edestin from solutions of Cudahy 
pepsm at vanous pH 


solution contaimng such a large amount of protem decomposition 
products 

The method of determining activity b> fornvol titration of D>cherhoff and 
Tcwes was not used m general since it is very troublesome and maccurate but the 


It ma> be noted that the specific actmU of this sample of Parke Davis pepsin 
was onl> about one half that usually found and aLo that the tj-rosmc equivalent 
per rag mtrogen is slight!} low Both these results are due to the presence of an 
mert protem in thi«; particular sample which is evidentl> carried through the 
adsorption procedure This inert protem may be remo\cd by allowing the 
solutions to stand longer m aad solution but smee there is a sbght loss of actmty 
imder this condition this procedure could not be used for analy tical purposes 
The activity by some methods especially edcstm viscosity differs from that pre 
viously obtained (8) owmg to variations in the edestm solution 
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results with this method agree approximately with those given by DycLerhoff and 
Te'wes, as shown m Table III The casern solution used was made up as described 
by D} ckerhoff and Teives (5) for their “pH 4 0 casern ” However, the pH of this 
solution, as determmed b)’^ the hydrogen electrode or qumhydrone electrode is 
about 2 35, although methyl-orange gives an apparent pH of about 4 0 DycLer- 
hofi and Tewes used the indicator method® for determinmg pH and their pH 
values are from 1 to 1 5 pH more alkaline than would be found by the hydrogen 
electrode method This probably accounts also for the very alkahne optimum pH 
of digestion reported by these workers Under the conditions used by Dyckerhoff 
and Tewes the casern is digested practicaUy mstantly, owing to the enormous con- 
centration of pepsin added and the titration obtained represents the final stages of 
the digestion Under these conditions the change in titration with increasing 
pepsin concentration is very shght so that there is a very large error On the other 
hand, if the first part of the curve is used the increase in titration is extremelv 
small and difficult to determine The large quantity of enzyme used renders it 
difficult to obtam the imtial titration smce the reaction proceeds extremely rapidly 
at first and ako renders it difficult to be sure that there is no change m pH of the 
casein solution caused by the addition of the pepsin A number of very erratic 
results were obtained at first and were traced to marked changes in pH in the casein 
solution upon the addition of the pepsin The table shows, however, that the 
activity of the various preparations agrees qiute closely with that reported by 
D\ ckerhoff and Teves 

It will be noted that 24 mg of enzyme gives only about 0 2 ml more titration 
in 24 hours than 6 mg of enzyme, tea difference of 400 per cent in the pepsm 
concentration makes a difference in titration of only 0 2 ml so that smce the error 
in the titration is about zfc 0 05 ml there is an uncertainty of nearly 100 per cent 
in the method The preparation of Cudahy pepsin used by Dyckerhoff and 
Tewes was apparently sbghtly more active than that used m the present ex- 
periments 

III Exiractiou of Pepsin from “Edestin-Pcpsin” imth Snlfiinc Acid 

If edestin-pepsm prepared by absorbing pepsin with crystalline 
edestin is stirred at 0°C with sulfunc acid at pH about 1 0, the pepsin 
dissohes out leaving inactive edestin crystals The results of such 
an experiment are shown in Table IV A preparation of “edestin- 
pepsm” of relatix^ely low activity was used purposely since it w'ould be 
expected that a small amount of pepsin would be removed with more 
difficulty than a larger amount The ex-penment shows that 80 per 
cent of the actn itj and of the pepsm mtrogen is removed from the 

’ Personal communication from Drs D> ckerhoff and Tewes 



'5 



0 52 0 73 0 56 0 32 0 35 















176 


PEPSIN ABSORPTION BY CRYSTALLINE PROTEINS 


“edestm-pepsin’ tbe first extraction with sulfnnc aad The three 
following extractions remove practicall}' all the rem ainin g activity 
and pepsm mtrogen so that finally a httle more than 90 per cent of 
the total ongmal actimt}* is recovered m the washmgs The con- 
centration of pepsm nitrogen m the second, third and fourth washmgs 
and in the final sohd are too small to be accuratel}’' dete rmin ed owmg 


TABLE l^-- 


Exlraclton of Pepsin from Edcstin-Pcpsin 


1 

Total 

X/ml 

Pepsin 

N/nJ 



[P pepsin X 

pH 


t-S 

r^S 





0 5 gm “edestm-pepsm” -j- 10 

10 

0 30 

0 05 

0 005 

0 17 

0 8 

ml ^/4 Eulfunc aad 

Stir at 0*C for 20 nun. 

! 






Centnfuge — supematant 
Prcapitate stirred 10 ml ^/10 

1 3 

0 23 

0 03S 

0 029 

0 165 


sulfunc aad 





1 


Centnfuge — supernatant 
Prcapitate stirred -f- 10 ml ^/10 

1 3 

0 02 

1 

0 003 

0 0025 

1 

0 15 


sulfunc aad 




1 



Centnfuge — supernatant 
Prcapitate sUrred -f 10 ml n/10 

1 4 

0 02 

0 0024 

0 0017 

0 12 


suliunc aad 

Centnfuge — supernatant 

1 2 

0 02 

0 0020 

0 0016 

0 10 


Prcapitate 10 ml water — sus- 

4 5 

0 02 

0 001 

0 0002 

0 05 


pension edestm cr> stals 


1 


1 



Total IP U 1®^ in washmgs 

n 

■ 

0 454 




m prcapitate 



0 010 





■ 

1 

0 464 




Total onpnal [P U 

■ 

■ 

o 

o 





to the difficult} of completely digestmg such a large excess of inert 
protein Attempts to separate the complex by extraction or washing 
at pH 5 0 to 6 0 vhere pepsin itself is xen* soluble and edestin is 
insoluble v ere not successful If anx'thing the specific activitx' of the 
p’-ecip’tate increases Exidently the pepsin edestm complex is less 
so''ub''e than edestm alone 
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IV Effect of the Caiiceniraiion of Pepsin on the Absorption of Pepsin by 

Edestin at pB 4 0, 6°C from Crystalline Pepsin Solutions 

Experimental Procedure — ^About 10 gm of twia crystallized pepsin was stirred 
in 75 ml of water and n/2 sodium hjdroxide added until the solution was at pH 
4 0 (clear solution) The solution was diluted with water to the concentrations 
noted m Table V, cooled to 6 C and 20 ml of the vanous dilutions added to a senes 
of suspensions of 1 gm of edestin m 5 ml N/10 sulfunc acid in 250 ml Erlenme>er 
flasks the suspensions were stirred occasionally and left at 6®C for 18 hours 
They were then centrifuged and the precipitates washed with 20 ml cold water 
dissolved in 25 ml N/20hvdrochloncaad and allowed to stand at 24®C for24hour3 
The solutions were then anal> zed for peptic activity by the hemoglobin method 
protem nitrogen, total nitrogen and tyrosine equivalent 

The results of the expenment are shown m Table V and Fig 3 As 
the concentration of pepsin ts increased the quantity of pepsin in the 
edestin crystals increases until a maximum value is reached which m 
this case corresponds to about 10 per cent pepsin As usual, the 
pepsin protein taken up by the precipitate is just equnalent to the 
activity found in the precipitate The pepsm protem has the char 
actenstic tyrosine equivalent of pepsin and also the characteristic 
specific activity* 

V Effect of the Pepsin Concentration on the Absorption of Pepsin by 

Crystalline Edestin from Solutions of Cudahy Pepsin at pB 4 0 at (5^C 

Experimental Procedure —100 gm Cudah> pepsin dissolved m 100 ml water 
and the solution diluted with water to the concentrations noted and cooled to 6®C 
Igm of edestm m 5 ml of N/10sulfuncaadaddedto20ml of the vanous pepsm 
solutions stirred for 20 minutes and kept at 6 C for IS hours, pH of all solutions 
about 4 0 The supernatant was then centrifuged and the preapitatc washed with 
20 ml water and dissolved m 25 ml n/ 20 hydrochlonc acid The ongjnal sus 
pension and the solution and preapilate were analyzed for total mtrogen, pepsm 
mtrogen and activit) by the hemoglobin method 

The results have been calculated to the basis of 1 ml of the ongmal 
suspension and are given in Table VI and Fig 3 

When Cudahy pepsin is used the acUvity of the precipitate increases 
to a maximum which, however, is considerably higher than was the 
case in the experiment with crystalline pepsm solutions The pepsm 


* See footnote, page 173 
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nitrogen absorbed is again equivalent to the activity taken up by the 
preapitate It will be noted that m this expemuent the specific 
activity of the preapitate, calculated to the basis of pepsin nitrogen, 
IS about 0 2 which is the usual value for crystalline pepsin, whereas in 
the preceding experiment it was only about 0 16 This is due to the 
fact that the crystalline pepsin used m the previous experiment was 
prepared from a commercial preparation which was pecuhar m that it 
contained about 20 per cent of an mert protem very similar to pepsin 



Fig 3 Effect of the concentration of pepsin on the absorption of pepsin bj 
edestin from solutions of crystalbne pepsm or Cudahy pepsin 

Itself and which could only be removed by five or more fractional 
crystalhzations or by prolonged standmg m aad solution The 
preparation used in the expenroent referred to had not been purified by 
fractional crystallization smce it seemed possible that absorption by 
edestm might serve as a means of removmg this inert protein The 
results, however, show that this is not the case but that the inert 
protein is absorbed by the edestm to the same extent as the active 
enzyme so that the specific activity is not changed by the edestin 
treatment The specific activity on a total mtrogen basis of the 
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“edestm pepsin” prepared with Cudahy solution is about one tlurdthat 
of crystalline pepsin and is, therefore, nearly twice as high as that of 
the original Cudahy pepsin This is near the maxunum activity 
obtained in any experiment in which crystalline edestm was treated 
with pepsm solutions It corresponds to about 30 per cent pepsm 
which IS equivalent to about 3 moles of pepsm to 1 mole of edestm or 
about one half an equivalent of pepsm per equivalent of edestm 
The results of both experiments are shown m Fig 3 

The low activity of the precipitate m the experiment with crystal- 
hne pepsm is due to some accidental condition, such as stirrmg or 
length of time m which the edestm was m contact with the sulfunc 
acid smce in other experiments “edestm pepsm” which had a much 
higher activity was prepared from crystallme pepsm solutions 

VI Changes tn Edeshn-Pepstn Suspensions mih Time 

In the preceding experiments the edestm crystals were stirred with 
the pepsm solutions for a few mmutes and then allowed to stand at 
6°C for 18 hours In the present experiment the suspension was 
stirred for about 1 hour at 0°C and then contmued at 30°C m order to 
accelerate the reaction so that it vroidd he completed in a convement 
tune The results of the experiment are shown in Fig 4 

Eipmmental Procedure — Pepsm solution, twice crystallucd, pH 4 0 Edestm 
solution, crystalline (La Roche) 5 gm edestm stirred with 20 ml cold n/ 10 
Eulhinc acid and 80 ml cold pepsm solubon added Suspension stirred at 0®C 
for 1 hour and then at 35°C 5 ml samples cenbifuged at intervals and preapitate 

dissolved in 5 ml n/ 50 hydrochloric aad Suspension, supernatant and preopi 
tate analyzed for total mtrogen total protem nibogen pepsm nibogen and 
acbvity by hemoglobm method 

Total protem nitrogen 1 ml of solution plus 9 ml boiling S per cent tnchlor 
acetic acid cool, centrifuge and wash precipitate with 5 per cent trichloracetic 
aad and mtrogen determined 

Pepsm mbogen 1 ml plus 9 mh n/20 hydrochloric aad, 37°C for 3 hours 
5 mb plus 5 ml boding 10 per cent trichloracetic aad and preapitate washed and 
analyzed for mtrogen 

Total protein mtrogen — pepsm nitrogen edestm mtrogen 

Activity Solubon dduted to contam about 0 01 mg pepsm N/ml and acbvity 
dctermmed by hemoglobm method 
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All results calculated to the basis of 1 ml of onginal suspension Composition 
of ongmal suspension calculated from analysis of pepsin and edestm alone 



Fig 4 \utol\ sis of cdestm-pcpsin suspensions with tunc 


In the first few minutes pepsin mtrogen and the corresponding 
amount of actn it\ are taken up b\ the edestm crj'stals and there is a 
corresponding loss from the filtrate As the reaction proceeds the 
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quantity of preapitate becomes gradually less, the loss bemg due to 
loss of edestm mtrogen The pepsin mtrogen and activity m the 
precipitate decrease, and increase to a correspondmg extent in the 
filtrate The specific activity of the precipitate, however, contmues 
to increase and reaches a value of about one half that of crystalhne 
pepsm at the end of 24 hours At this tune there is only a very small 
amount of precipitate left and the solution is practically a solution of 
pepsin contauung digested edestm It will be noted that there is 
practically no change m the total activity or total pepsm mtrogen of 
the whole suspension at any time 

VII Changes tn Protein Nitrogen and Peptic Activity during Autolysis 
of Edestm Pepsin at pH 1 5 and SS^C 

In the precedmg experiment the edestm pepsm autolyzed at about 
pH 4 0 If the edestm pepsm is dissolved m hydrochloric acid the 
edestm is destroyed much more rapidly 

Experimental Procedure — 2 gm crystalhne edestm suspended in 10 ml of n/ 10 
suHunc acid cooled to 0 C and poured into 40 ml of a solution of cold, tmce 
crystalliaed pepsin pH 4 0 contauung 15 mg of pepsm nitrogen per ml. Suspep 
Sion stirred for 20 rmnutes centrifuged and the precipitate washed with 20 ml 
cold water The preapitate stirred with 20 ml water and titrated to pH 1 5 with 
N hydrochlonc aad, clear solution total volume about 35 ml This soluUon was 
placed at 35 C and analyzed at intervals for total protem mtrogen, pepsm mtrogen 
and peptic activity by the hemoglohm method. 

The results of such an experiment are shown m the lower part of 
Fig S As in the precedmg experiment there is no change m the total 
activity of the solution as a whole nor m the quantity of pepsin 
mtrogen present The total protem mtrogen decreases rapidly and is 
practically reduced to the value of the pepsm mtrogen m 1 hour The 
specific activity calculated on the basis of total protem mtrogen, 
therefore, mcreases rapidly and soon reaches the characteristic value 
for pepsm itself In the upper part of the figure is shown the result of 
autolysis of a solution of pure pepsm It is evident that the course 
of the reaction is entirely different In this case the activity de 
creases m proportion to the total protem mtrogen (pepsm nitrogen) 
mstead of remammg constant as is the case with “edestm pepsm” 
preparations As a result the speafic activity calculated on a protein 
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nitrogen basis remains constant in the case of a solution of pepsin 
mstead of increasmg rapidly as in the case of a solution of “edestin 
pepsin ** Autol3^is, therefore, serves to hydrolyze the edestin from 
the “edestm pepsm” and leaves the pepsm It wiU be noted that a 
solution of pure pepsm loses considerable activity whereas there is 
very little loss in activity from the “edestin pepsin” solution This is 
due to the protective effect of the products of digestion on the enzyme, 
probably through the formation of an additional compound of the 
enzyme with the products of hydrolysis of the edestm 

VJII Preparation of Edestm Pepsin from Edestm and Pepsin Solutions 
at Various pH 

Experimental Procedure —1 ml of a 10 per cent solution of edestin in 5 per 
cent sodium chloride added to 10 ml various concentrations h> drochlonc aad and 
cooled to 0 C 1 ml of a solution of twice crystallized pepsm containing 1 mg 
pepsm nitrogen per ml added, preapitate appears The suspensions kept at 0 C 
for i hour centrifuged and the preapitates washed once with 5 ml cold water 
and dissolved m 10 ml n/50 h> drochlonc aad The preapitate solutions were 
then analyzed for total mtrogen pepsin nitrogen and peptic activit> b> the 
hemoglobm method The edestm mtrogen is calculated as the difference betx\ ecn 
the total protein mttogen and pepsin mtrogen The results ha\e been calculated 
to the basis of 1 ml of the original suspension 

In the precedmg experiments the edestin pepsm was prepared by 
suspending edestm crystals m cold pepsm solutions As shown bj 
Dyckerhoff and Tewes, more active preparations may be prepared by 
mmng edestm solutions with pepsm solutions The results of an 
experiment of this kind in which solutions were nuxed at vanous pH 
are shown m Fig 6 The figure shows that, as m the case of the 
absorption experiments, there is a sharp max i m um at about pH 3 6 
The quantity of pepsm nitrogen found m the precipitate is again 
equivalent to the activity of the preapitate and at the maximum 
amounts to 50 per cent of the precipitate The specific activity of the 
precipitate at this pomt, therefore, is one half that of pepsm itself 
As the pH becomes more and more alkaline the quantity of preapitate 
mcreases rapidly as does the per cent of edestin m the precipitate until 
beyond pH 5 0 the preapitate is practically all edestm 
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Fig 6 Formation of edestm-pepsin from edestm and pepsin solutions at 
\'anous pH 


IX Effect of the Relative Coneentrations of Pepsin and Edestm on the 
Composition of Edcstin-Pcpsin at pH 3 S and 0°C 

nxpcni''a tal Procedure — Solutions of pepsin and edestm containing 2 mg* 
nitrogen per ml each, both at pH about 3 S prepared and cooled to O’C A senes 
of tubes ^^as prepared containing 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 ml pepsin solution 
-•nd the total \olume of the \-arious tubes made up to 10 ml uith edestm solution 
Tre tubti r e^e lept at O'C for 1 hour, centnfuged and the precipitates washed 
with 10ml watc' and dl:^^ohcd m 10 ml ^/20 h%drochloric acid and analyzed for 
tot'l nitrogen pepsm nitrogen and peptic acti\it\ b\ the hemoglobin method 
The edestm ntrogen \ as calculated as the difference between total protein nitrogen 
a^-d pepsin mtnDgen Tne results i.cre calculated on the basis of 1 ml of the ongi- 
n2.1 
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The results of an experiment in which the relative quantity of 
pepsin and edestm were vaned is shown in Fig 7 Here the composi 
tion of the precipitate has been plotted against the composition of the 
ongmal solutions As the concentration of pepsm increases, the 
quantity of precipitate, its specific activity and its total activity, as 
well as the quantity of pepsin nitrogen, all increase and reach a maxi 
mum corresponding to equivalent amounts by weight of edestm and 
pepsm As the concentration of pepsm is mcreased still further the 
quantity of the precipitate decreases but its specific activity and the 
proportion of pepsm in it increase shghtly and then stay constant 
The precipitate formed under these conditions consists of nearly three 
equivalents pepsm per equivalent edestm or three parts pepsm by 
weight per one of edestm smce pepsm and edestm have the same 
equivalent weight This corresponds to nearly 15 moles of pepsin 
per mole of edestm 

The results indicate that a definite compound is formed between the edestm 
and the pepsm The isoelectric pomt of ^estm is about pH 6 0 while that of 
pepsin IS about 2 7 (11) so that withm this range of aadit> the edestm is present 
as a positive ion whfle the pepsm is present as a negative ion Accordmg to 
Hitchcock (12) 0 45 gm of edestm combmes with 0 55 milliequivalentsof aad 
Igm of edestm IS slightly more therefore than 1 miUiequivaleat 1 gin of pepsm 
combmes with 1 1 milhequivalent of alkali so that 1 gm of pepsm is also slightl> 
more than 1 milhequivalent It is possible to determine from the titration curves 
of the two protems what per cent of the protem is ionized at an> pH If this is 
done and it be further assumed that the positive edestm ions react with the nega 
tive pepsm ions to form a sbghtlv soluble compound then the position of the 
maximum near pH 4 0 IS correct!) predicted Smce the precipitate, however has 
varying composition it is not possible to account for its formation on this simple 
basis If a senes of compounds is assumed it is possible to fit the curves quite 
closely but so many arbitrary constants are mvolved that the results are not very 
convincmg It is evident, however as the wntcr has pomted out previously (4) 
that the formation of this complex is not very closely connected with the hy drol\ sis 
of the edestm smce the pH correspondmg to the maximum complex formation is 
around 4 0 while the maximum from the rate of digestion is near pH 2 0 It is 
probable that the reaction is quite similar to that between proteins and ordinarv 
nucleic aads (14) and is not espeaallv connected natb the proteolytic activity of 
the pepsm Unfortunately experiments cannot be earned out with inactivated 
pepsm since mactivated jiepsm is insoluble through this range of pH, 

It may be pomted out that in the preceding experiments the concentrated 
solutions of commercial pepsm used were highly supersaturated with regard to 
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pepsm since the solubility of crystalline pepsin is quite low from pH 2 5 to pH 4 0 
If concentrated solutions of crystalline pepsm had been used the results would 
have been entirely different smce the pepsm would be precipitated from the more 
acid solutions even without the edestin Commercial preparations of pepsm 
contam some substances probably protein split products, which prevent the 
preapitation of the pepsm protem and render very highly supersaturated solutions 
quite stable However, if a 10 pier cent solution of Cudah> pepsm, between pH 
3 0 and 4 0 is moculated with pepsm crystals and allowed to stand at 6 C for 
several weeks quite an appreciable quantity of pepsm crystallizes out 

X Absorpltm of Pepsin by Melon {Cncimts) Gldbultn (25) 

The preceding expeninents were done with edestin but exactly similar 
results may be obtained wath globulm from melon seed {Cncimts) as 
reported by Waldschmidt Leitz and Kofrdnyi (6) 


TABLE Vn 

Alsorpixon oj Pepsin by Melon (Cucumts) Ghbultn 



Tottl 

nitrocen 

permL 

p«piiB 

pltTO(ftD 

pet ml 


[PC® 

Pepsm solution 

mt 

0 067 

m 

0 056 

0 009 

0 16 

First supernatant 

0 054 

0 050 

0 007 

0 14 

Second supernatant 

0 037 

0 W2 

0 007 

0 17 

Third supernatant 

0 066 

0 024 

0 005 

0 20 

Combmed preapitates 


0 030 

0 005 

0 165 


Experimental Procedure —100 ml of a solution of twice crj’stallized pepsm con 
taming 0 37 mg pepsm per ml pH about 3 5 cooled to 0 C and 100 mg of crystal 
hne Cucumis globulm added The suspension was stured for 10 mmutes and 
centrifuged 100 mg of globulm was added to the supernatant and the process 
repeated. The supernatant was again extracted with 100 mg of globulm The 
precipitates v.ere combmed dissolved with N/SO hjdrochlonc acid the solution 
titrated to about pH 2 0 with hydrochloric acid and made up to 100 ml and allowed 
to digest at 37 C for 4 hours The supernatant solutions and the solution of the 
precipitate were then analyzed for total nitrogen pepsm mtrogen and peptic 
activit> by the hemoglobm method 

The results of an expenment in which a solution of crystalline 
pepsm was treated with successive quantities of melon globulin are 
shown m Table VII As the table shows, about half the total activity 
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IS removed from the solution b}’- the crystalline globulm and at the 
same time a correspondmg quantity of pepsm nitrogen is also removed 
The total nitrogen content of the solution decreases at first and then 
increases as some of the globulm dissolves and m this particular experi- 
ment it happens to be practically the same after three extractions as 
It was ongmally This is the result which was reported by Wald- 
schmidt-Leitz and Kofranyi from dry weight determmations and 
which led them to the conclusion that the active group had been 
removed from the pepsin protein and the inert protein left m solution 
As the present experiments show, however, this is not the case A 
quantity of pepsm protein equivalent to the activity removed is taken 
up by the foreign protein and there is no evidence that the pepsm is 
decomposed into an inert protein and an active group 


TABLE vrn 

Absorption of Pepsm by Gelatin at Various pH 


pH 

4 65 

4 65 

m 

34 

3 0 

20 

Gelatin, gm 


2 5 


1 0 

1 0 

1 0 

Pepsm solution, « 1 


0 5 


1 0 

1 0 

1 0 

[f U supernatant 

0 0074 



0 0091 

0 0083 


[P U gelatin 


0 05 

0 034 

0 024 


0 016 

Pepsm nitrogen in gclatm, ing 


0 25 

0 16 

mi 


0 078 

[P U pepsm lutTogen in gclatm 


0 20 

0 21 


0 22 

0 20 

gelaun 

[P UjSF-l-rnatant 


17 0 


2 6 

2 6 

1 2 


XI Absorplton of Pepstu by Gelatin at Various pH 

Expenn d tal Procedure — \ senes of suspensions of powdered isoelcctnc 
gelatin m \-anous concentrations of hjdrochlonc acid, total volume 50 ml was 
prepared and cooled to 6°C for j hour 1 ml of dilute crystalline pepsin solu- 
tion was added and the suspension stirred for } hour and filtered The gelatin 
p-ecipitatcs were melted at 37’C and the solutions analyzed for pepsin nitrogen 
p’-capitation \.Tth hot tnchloracetic acid and peptic activnty by the hemo- 
globin method 

In the expenments with gelatin reported prevnoush (4), the actmty 
alone v as lollov cd and no determinations v ere made of the changes 
in pepsin nitrogen since at that time it v as not known that the actmtj 
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was a property of the pepsin protein The experiments have, there- 
fore, been repeated and detcnnmations made of the pepsin protein in 
the gelatm as well as of the activity The results of the experiment 
are shown m Table Vm As m the experiments with edestin, the 
quantity of pepsm protein taken up by the gelatm is just equivalent 
to the activity found in the gelatm so that in this case also the pepsin 
protem itself is taken up by the foreign protem It u ill be noted that 
much more is taken up with isoelectnc gelatm than by aad gelatm 
This pecuharity was noted before (4) and was found to be due to 
surface adsorption on isoelectnc gelatm whereas with acid gelatm the 
quantity taken up was independent of the surface 

XII Imclivation of Pepsm by Alkali in the Presence of Edestin 

Warburg and Chnstian (13) have found that the respiratory ferment 
decomposes mto a protem and a non protein fraction when the protein 


TABLE EC 

Inactivation of Pepsin by Atkati in the Presence of Edestin 


pH 

so 

56 i 

80 

rp u 

\Pepsm solution 

0 0074 

0 0072 

0 001 

0 0075 

0 0073 

0 0003 


IS denatured Hemoglobm also possesses the same pecuhanty It 
seemed possible, therefore, if the pepsm were denatured by alkah in 
the presence of edestin, which is not affected by dilute alkah, that the 
active group imght leave the pepsm and become attached to the edestm 
In this case it would be expected that a loss m activity of pepsm 
solutions contaimng edestm in alkali would be less than the loss m 
activity of pure pepsm solutions at the same pH This, however, is 
not the case as shown in Table IX Evidently either pepsm does not 
decompose mto two parts when the pepsm protem is denatured or if 
It does the prosthetic group has no activity under these conditions and 
edestm cannot replace the pepsm protem The fact that active pepsm 
can be prepared from pepsm denatured by alkah indicates that 
splittmg of the molecule does not occur although the yield of active 
pepsm IS so small as to render this argument more or less inconclusive 
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Expcnmcuta] Procedure — 100 mg of edestm suspended in 10 m] of 'water and 
1 m] dilute crystalline pepsm solution added Increasing amounts of alkali 
added to a senes of these tubes and the suspension allowed to stand at 25°C for 
10 minutes Control series without edestm prepared in the same ■way The 
pepsin actmtj determined by the hemoglobin method 

XIII Spheroidal Pepsin 

Dyckerboff and Tei^es found that an active precipitate could be 
obtained from autolyzed edestm-pepsm or from partly autolyzed 
pepsin solutions which appeared m the form of sphencal, highly refrac- 
tile granules which they called “kugeln” pepsm These spheroids are 

TABLE X 


Spheroids 


Fraction No 

(1) 

Spheroids 

(S) 

Crjstals 

plus 

amorphous 

(6) 

Filtrate 

Original 

twice 

crjstallized 

pepsin 

N/m1 , tii£ 1 

'Total ' 


0 60 

4 1 

■1 

'Protein 

9 5 

0 45 

3 7 



f/ml 

1 8 

0 060 

0 71 


(P u 1 

1 /nig 


0 11 

0 17 



[/mg protein X 


0 15 

0 19 

mm 

1 

Vml 


20 

56 


[p Up' ] 

/mg X 

13 3 

33 

13 5 

10 

1 

[ ''mg protein X 

17 

44 

15 

12 

1 

f/ml 


380 

3,800 


IP L , 

i/mg X 

1 960 

630 

930 

1,000 

1 

[/mg protein X 


850 

1,030 

1,100 


characteristic of proteins which arc not sufficiently purified or which 
appear under unfa\ orable conditions for cry stallization The spheroids 
obtained from autoh zed “edcstin-pcpsin”solutions consist, asdesenbed 
under Expenment 2 almost entirely of pure pepsin with varynng 
amounts of some form of non-protem nitrogen The same precipitate 
m-^y be obtained from pepsin solutions which ha\e been allowed to 
stand and which arc too acid and too dilute for crystallization to take 
place riaaiK They may be obtained as charactenstic pepsin crystals 
Lx mg with aUali precipitating rapidly m the amorphous form 

x.ith suliunc acid and crystallizing as usual The results of such an 
tTOcnn ent are shovn in Tab’c X 
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Experimental Procedure — IS gm twice cr>stall:zed pepsin filter cake dissolved 
m 200 ml water at 45 C and 5 ml n/2 sodium hydroTide added (clear solution), 
10 mL n/2 sulfuric aad added precipitate forms (pH 2 4) and suspension left at 
6®C for 24 hours Precipitate small spheroids, filter, 10 gm. cake (1) 50 ml 

water and 4 mL n/2 sodium hydroxide added to (1) (clear solution) 3 ml n/2 
sulfunc aad added slight preapitatc, (spheroids), suspension cooled slowly to 
20°C Filter, preapitate (2) 5 gm (2) spheroids dissolved m 15 ml water and 
1 ml n/2 sodium hydroxide added (clear solution) (3) (3) titrated to pH 3 0 

with sulfunc aad and cooled to 6®C amorphous preapitate, filter and precipitate 
dissolved at 45®C with sodium hydroxide Solution titrated to pH 3 5 with sul 
func aad, cooled slowly to 6®C for 4 days Precipitate of poor crystals formed 
Filter and preapitate dissolved m n/50 pH 5 0 acetate (5) Filtrate (6) 

The activity was detennined by several methods The specific 
activity calculated on the basis of protem nitrogen is constant for the 
hemoglobin and casein method in all the fractions but is shghtly low 
as calculated on the basis of total mtrogen The specific activity, as 
determined bj the gelatin viscosity, is high as is always the case when 
a small fraction is precipitated from mcompletely purified pepsm 
solutions since the gelatinase is concentrated m such precipitates 

The analytical work reported m this paper was done by Mr N 
Wuest 


SUMMARY 

Ciystalline protems, such as edestm or melon globuhn, remove pepsin 
from solution The pepsm protem is taken up as such and the 
quantitv of protem taken up by the foreign protem is just equivalent 
to the peptic activity found in the complex The formation of the 
complex depends on the pH and is at a maximum at pH 4 0 

An insoluble complex is formed and preapitates when pepsm and 
edestm solutions are mixed and the maximum precipitation is also at 
pH 4 0 The composition of the precipitate vanes with the relative 
quantity of pepsm and edestm It contams a maximum quantity of 
pepsm when the ratio of pepsm to edestm is about 2 to 1 This complex 
may consist of 75 per cent pepsm and have three-quarters of the 
activity of crystallme pepsin itself The pepsm may be extracted 
from the complex by washing with cold n/ 4 sulfunc aad If the 
complex IS dissolved m aad solution at about pH 2 0 the foragn 
protem is rapidly digested and the pepsm protein is left and may be 
isolated 
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The pepsin protein may be identified by its tyrosme plus trypto- 
phane content, basic mtrogen content, crystalhne form and specific 
activity 
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ELECTRICAL RESPONSES FROM THE LATERAL LINE 
NERVES OF FISHES 

IV The REPETmvE Discharge* 
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I 

The electncal responses from lateral Ime nerves of trout and catfish 
have been descnbed in earher papers (Hoagland, 1932-33 5, 1933- 

34) These nerves normally appear to be m a state of vigorous 
activity, discharging impulses m the absence of externally apphed 
stimuli Modification of the spontaneous discharge during stimula 
tion of the sense cells (neurotnasts) served as an index of the recep 
tivity of these cells to mechanical stimuh and of the effects of tern 
perature 

In addition to nerve impulses imtiated from the receptor cells a dis 
charge of impulses sometimes arises spontaneously from damaged 
nerve endings of the lateral Une fibers This discharge resembles that 
from the neuromasts Discharges from both of these sources, cs 
peaally in trout lateral Une nerves, may become synchronized Prop 
erties of this synchronized response are quite defimte and may mumc 
those of a smgle functional unit The present paper discusses the dis 
charge from the neuroraasts and that due to injury, as well as the 
synchronized discharge The possible pacemakmg process involved 
m the synchronization is also considered 

The nature of mechanisms underlymg the repetitive discharge of 
nerve impulses from tissues mamtaining states of excitation is an im 
portant problem for nervous ^^tem dynamics Contributions to its 
development are desirable for the advancement of a general physiol 

The expenses of this work have been defraved m part b> a grant from the 
Permanent Science Fund of the American Academj of Arts and Sciences 
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ogy of the receptors and are also significant m the investigation of 
central ner\’-ous phenomena encountered in the study of spinal reflexes, 
such typically as excitation, inhibition, occlusion, facihtation, and 
after discharge 

Sherrington has accounted for these phenomena in terms of central excitatory 
and inhibitor) states which may sum algebraically, essentially as specific chemical 
entities, facilitatmg or inhibitmg the passage of impulses across synapses (c/ 
Creed, Dennj^-Brown, Eccles, Liddell, and Sherrington, 1932) 

Adrian (1928, 1932) and other workers have shown great differences in the 
abilities of receptors to discharge nerve impulses m response to constant stimula- 
tion Superficial tactile receptors adapt verj’’ rapidly, givmg only a few impulses 
in response to a constantly apphed pressure (Adrian, Cattell, and Hoagland, 1931, 
Cattell and Hoagland, 1931 , Hoagland, 1932-33 c) while muscle spindles adapt much 
more slonh’’, initiatmg impulses in their nerve fibers for a minute or more during a 
constant tension on the muscle (Matthews, 1931a, b) The spontaneously dis- 
charging lateral-hne receptors seem to be end-organs which essentially show no 
adaptation It is as if normal metaboUc processes occurnng in these receptors 
were capable of maintaining an excitatorj' state such that nerve impulses are 
initiated at a frequencj' detenmned by the excitatory process A somewhat 
similar state of affairs appears to be maintained m the respiratory centers of 
animals, since Adnan (1931) has show’n that the brain stem of the goldfish when 
removed from the bod) undergoes rhythmic and “spontaneous” changes of po- 
tential at a frequenci correspondmg to the normal opercular breathmg rhythm 
Adrian (1931) has also shown that the thoracic and abdominal gangha of the 
beetle Dyliscus marginahs periodically show variations in potential independently 
of afferent control The electneal variations produce correspondmg bursts of 
impulses from neiw es connected wath the gangha A similar rhvthmicity of the 
respirator) center of mammals and its fundamental independence of afferent 
control has been demonstrated b) Bronk and Ferguson (1933) Lilhe (1929) 
has been able to make a model of a receptor with its attached nerve fiber from the 
w ell know n iron w ire, mtric acid s\ stem B) covering a part of the wire w ith glass 
tubing he so limited the diffusion of acid, and hence the recover) process, of the 
glass sheathed ware that continuous oxidation of the iron took place wathin the 
tube This continuous action was found to set up rh)thmic discharges of im- 
putes o\ er the acid-immersed ware outside of the tube as fast as it recovered from 
the refractorv period following each impulse 

\dnan (1930) described t\'pes of repetitn c and rh) thmic discharges of impulses 
arising from injured mammahan nen c fibers He found that when several injured 
fibers were discharging repetitivelv the impuLes mav become sjmchromzcd, and 
he concluded that the s\ nchronization is probabli due to the superimposed stimu- 
lating effect of action currents of one fiber on its neighbors The persistentlj 
Qischarging fibers appeared to be small senson fibers which, for the most part, arc 
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distnbuted to blood vessels and fascia He concluded that the persistent dis 
charge arises from the injured fibers, due to permanent depolarization of the in 
jured portions acting as a region of heightened exatabiht> for the intact part of the 
fiber and he pointed out the similarity betneen the injur\ discharge and that set 
up from receptors by stimuli which may depolarize them Certain aspects 
of the “spontaneous ’ activity of the lateral Ime system illuminate several of the 
general problems of persistent activity suggested by the foregomg discussion 

The expemnental procedure consists in banng the lateral line nerve 
on one side a centimeter behind the head and dissectmg it free for 1 
or 2 cm It is then tied, cut cephalad, and the freed end is drawn 
across silver silver chlonde electrodes connected to the recording 
system The action potentials of the nerve are amplified and recorded 
by means of a Matthews oscillograph^ used in conjunction with a 
camera and a standing wave screen A loud speaker makes the 
amplified action potentials audible 

n 

The contmuous spontaneous action of the lateral Ime receptors in 
fishes IS dependent on an intact circulation With decapitated cat 
fish the spontaneous discharge may show no sign of failure for an hour 
or more, if the s kin is kept immersed m water and if the nerve and 
incision are well moistened with Rmger’s solution With decapitated 
trout, failure of the response generally occurs in about 15 minutes 
These facts are consistent with the general dependence of the two 
forms on oxygen requirements Catfish can live m extremely foul 
water and even remain ahve in air for several hours, m fact, they are 
often wrapped m moistened paper and shipped in the air from fish 
hatchenes to streams and lakes Trout, on the other hand, die 
rapidly if removed from the water or if kept for appreciable lengths 
of time m foul water If one immobilizes a trout by transecting its 
cord without cuttmg the larger blood vessels the preparation lasts 
much longer, even though opercular breathmg is not evidenced, as it 
generally is in correspondmg preparations of catfish By rccordmg 
the heart beat with a second pair of electrodes connected through a 
switch to the recording system, one finds that impulses arc gi\en off 
from the neuromasts as long as the heart continues to beat With 
four such trout preparations in which care was taken to keep the 
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nene moistened mth Rmger’s solution (the flank was under water) 
the response contmued for 57, 62, 48, and 69 minutes in each of the 
four cases, failing m from 10 to 20 mmutes after cessation of the 
electrocardiogram Owing to the great difficulty of i mm obilizing 
the fish without destro 3 ing its circulation, only four of these stable 
trout preparations have been obtained In addition to the usual 
rapid failure of response from the trout receptors and the great density 
of the discharge wffiich makes unrehable the countmg of impulses from 
the records, a further difficulty arises rendering quantitative analysis 
of the responses from the receptors unrehable An injury discharge 
from the neiw'^e often develops wluch may resemble and mask that 
from the neuroniasts This injury discharge developed in 43 of some 
60 trout nerves tested It sometimes occurs in catfish but in only 
about 20 per cent of the cases 

The injury discharge is of considerable interest It is similar 
in man}’- respects to that described by Adrian (1930) from injured 
mammalian nerv’e fibers That the neuromasts discharge impulses 
independently of mjuiy may be demonstrated by slicmg along the 
flank between the region of exit of the nerve to the electrodes and the 
tail In the trout as in the catfish this procedure causes a dechne 
in the activity depcndmg upon the number of uninjured neuromasts 
which ha\e been throwm out of action posterior to the cut 

Tig 1 shows the decline m response from a trout preparation which 
showed no injury discharge icf also Hoagland, 1932-33 b, Figs 1 to 
3) Expenments of this kmd must be done rapidly with trout since 
a few minutes after the initial operation of freeing the nerve, the 
impulses due to injui}' may begin and increase m volume At the 
end of about 10 mmutes from the begmning of the experiment the 
entire discharge of impulses begins to fail with trout m which hemor- 
rhage has been sufficient to interfere with the circulation, and the 
ncr\e is gcnerall} silent within 10 to 15 minutes of the start of the 
e.xpenmcnt In three of the four cases in which the circulation w’as 
intact the frcquenc}' of the “spontaneous” discharge increased for 
some 15 minutes probably due to injuiy effects and then returned to a 
basal constant frequenej which was clear!} due to the actmty of the 
ncuroma^ts s’ncc slicing through the lateral-line produced a dechne 
of response due to the reiroeal o^ ncuromasts caudal to the fresh cut 
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'J his procedure tests the occurrence of injur}’- discharge since in cases 
in ^^hlch no injur}^ eflect is manifested, cutting the connection of the 
nerve vith its neuromasts or crushing it between the body and elec- 
trodes complete!} stops all impulses When the injury discharge 
occurs the nerve may continue firing, even after cutting or crushing 
It betveen the electrodes and the body of the fish 
A curious feature common to the discharge from the neuromasts 
and the injury discharge is the tendency for the impulses in the fibers 
to become s}mchronized Fig 2 shows a t}Tiical injury discharge 
from a trout lateral-line nerve, produced by slowly pulling the nerve 
and progress^ ely breaking all connections with the neuromasts with- 
out breaking the mam ner^e trunk The discharge, at first asyn- 
chronous becomes synchronized spontaneously after a few minutes 
and conspicuously manifests itself through the loud speaker — the 
roar of impulses becomes a musical note In Fig 2 the senes of 
jdiotographs shows an increase in freciuency of the sj'iichronoiis dis- 
charge up to about the 10th minute followed by a decline for 2 minutes 
ending in an asjmchronous discharge In a few' jireparations the 
s\mchroni/cd frequency waxes and w'anes, producing a siren effect 
from the loud speaker each rise and decline of jntch taking from SO 
■'Ceonds to a minute In nerves in w’hich the s}mehroni/ed response 
imohes both injure cfTects and receptor activity, j^rogressivc cutting 
awa\ of neuromasts, which jiroduccs a decline in the number of active 
libers has no elTect on the frequency of the beat, but usually lowers its 
amplitude owing to the renioeal of some of the fibers, impulses from 
which were summing to gi\e the synchroni/efl diseharge When the 
miure discharge is well dewelojied cutting aw a} neuromasts may have 
little efifeet on the response the frequence ma} remain unchanged, 
and the amplitude ma} be onlv slightK reduceel e\en by separ.iting 
from the borh a frairment of nerecon the electrodes I ig h/ shows 
records of a semchrom/ed discharge at a freejuenc} of approximately 
100 j)er second jiroduced b\ 102 neuromast groups Fig t/) shows a 
re-idud inuire liischaree after cutting the ner\e between the body 
and the c!ectro(ie' i he Irequence is still 100 jier secoiul but the 
imphti’de is grealh reduced ov mti to the niacin .ition of fibers earr}- 
iner tl,e (U-eh'rce irom the neuromasts 

( oo'nu: the trout rLcejitor- })rodu(e' as ni the catfish a elcelnie 
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he 2 Injun discharge from a trout latcranme none produced b\ pu)hng 
the nerve and breaking connections with the neuromasts The dischirge was 
random for the first 4 minutes and increased in intcnsitv becoming sv-nchromzwl 
during the 4Ui minute at a frequenev of 120 j)cr second Tlic frequence of the 
s\ nchronous discharge increased up to about 10 minutes to a maximum of 000 
per second then declined becoming asxnchronous again at 120 rhjlhms iver 
second and imalU ceasing altogether at about 13 minutes Tcm}>craturc 21*’C 
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m the frequency of the discharge provided the response is as}Tichro- 
nous If It IS S}’nchronous, cooling reduces the amplitude of the re- 
sponse \Mthout affecting the frequenc 3 q an effect similar to that of 
surgically removing the neuromasts, due, probably, to the inactivation 
of some of the receptors, smce the pre\aous vork (Hoagland, 1932- 
33 b) has shovn that the neuromasts of catfish have diverse tempera- 
ture thresholds for activation The removal of fibers contributing to 
the sjmchronous discharge reduces the amplitude of the response by 





< y 0 1 second 

lie I (a) S\nchroni7cd disi-harge with 100 contributing neuromast groups 
(/') Residual in]ur\ discharge at same frequcnci as in (a) immediateh after 
cutting the ner\c at its entrance to the bod\ 

(r) Have line after crushing the nene at the electrodes J he ripples in the 
ba^e line arc due to imperfect shielding from alternating current disturbances 

reducing the summed elTcct of the impulses When the response is 
aeemchronous lowenng the temperature produces a decline in the 
Irequence ot the discharge but to a less marked degree than in catfish 
Quintitatiae data relating temperature and frequenc} ha\e been 
difncult to obtain with trout and are unreliable owing to the rapid 
Jailurt oi mo-t preparations and to the complications of the injur\ dis- 
chargi 

In a jireMnu- jiapcr (Hoagland it v as pointed out that 

eom 5 '>’'L-"ion of ti"ue-' surrounding the lateral-line receptors in trout 
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and catSsh initiates impulses agamst the background of spontaneous 
activitj The fibers actiiated by this stimulation give larger action 
potentials than those normally contributing to the repetitiv e impulse 
discharge initiated by the neuromasts Fig ia shows responses 
produced by stroking the caudal flank of a trout over the lateral hne 
canal after cuttmg away all but three spontaneously finng neuromasts 
{cf Hoagland, 1933-34) The response to stroking is mdicated b> 
the bursts of impulses Fig 4ft shows the effect of stroking the 
same preparation some mmutes later after the response had spon 
taneously become synchronized at a frequency of 400 per second The 



i 1 0 1 second 

Fio 4 (a) Effect of stroking the skin above the lateral hne canaljn a trout 
Two bursts of impulses are recorded agamst the spontaneous background 
Three groups of neuromasts were contributmg to the spontaneous response 

(ft) Effect of strokmg the same preparation after the spontaneous response 
had become S 5 nchronized Effects of four strokes are shown The impulses in 
the tactile fibers sum to mcrease the ampbtude of the response without breaking 
the spontaneous rhj thm of 400 per second 

discharge from the tactile receptors now appears to be phasic, al 
though the stimulation — stroking with a feather tip — is the same as 
that used m producing Fig 4o It is as if a penodiaty had been set 
up m the nerve and only impulses coinciding vvnth the phasic relations 
of the spontaneous penodic discharge could be transmitted along the 
fibers Smee the impulses are earned m fibers not contnbuting to 
the spontaneous discharge, this phenomenon cannot be accounted 
for on the assumption of limitation of conduction due to the absolute 
refractory penod of these mdividual fibers The alternating refrac 
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m the frequency of the discharge provided the response is asjaichro- 
nous If It IS s}’nchronous, coohng reduces the amplitude of the re- 
sponse uTthout affecting the frequency, an effect similar to that of 
surgically removing the neuromasts, due, probably, to the inactivation 
of some of the receptors, smce the pre\aous work (Hoagland, 1932- 
33 6) has shov n that the neuromasts of catfish have diverse tempera- 
ture thresholds for activation The removal of fibers contributing to 
the S}mchronous discharge reduces the amplitude of the response by 





•(- )■ 0 1 second 

Tie t (a) S\nchronized discharge with 100 contributing neuromast groups 
(h) Residual injurv discharge at same frequenci as in (a) immediateh after 
cutting the nenc at its entrance to the bod\ 

(f) Base line after crushing the ncnc at the electrodes Ihc ripples in the 
base line arc due to imperfect shielding from alternating current disturbances 

reducing the summed effect of the impulses When the response is 
asNTichronous lovenng the temperature produces a decline m the 
frequency of the discharge but to a less marked degree than in catfish 
Quantitatne data relating temperature and frcquenc) have been 
difncult to obtain vith trout and are unreliable owing to the rapid 
failure of most preparations and to the complications of the injur}' dis- 
charge 

In a prc\ lous paper (Hoagland 1933-H) it was pointed out that 
compression ot tissues surrounding the lateral-line receptors in trout 
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and catfish initiates impulses against the background of spontaneous 
activity The fibers activated bj this stimulation give larger action 
potentials than those normally contnbuting to the repetitiv e impulse 
discharge initiated by the ncuromasts Tig 4a shows responses 
produced bj stroking the caudal flank of a trout over the lateral line 
canal after cutting away all but three spontaneous!) firing ncuromasts 
{cf Hoagland, 1933-34) The response to strokmg is indicated b) 
the bursts of impulses Tig 44 shows the effect of stroking the 
same preparation some minutes later after the response had spon 
taneously become synchronized at a frequenc) of 400 per second The 
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< ) 0 ! second 

Tig 4 (a) Effect of strokmg the skin above the lateral hne canafin a trout 
Two bursts of impulses are recorded agauist the spontaneous' background 
Three groups of ncuromasts were contributing to the spontaneous response 

(4) Effect of stroking the same preparauon after the spontaneous response 
had become svnchromzed Effects of four strokes are shown The impulses in 
the tactile fibers sum to increase the amplitude of the response \ nthout breaking 
the spontaneous rhj thm of 400 per second 

discharge from the tactile receptors now appears to be phasic, al 
though the stunulation— stroking with a feather tip— is the same as 
that used in producing Fig 4a It is as if a periodicity had been set 
up in the nerve and onl) impulses coinciding with the phasic relations 
of the spontaneous periodic discharge could be transmitted along the 
fibers Since the impulses arc carried m fibers not contnbuting to 
the spontaneous discharge this phenomenon cannot be accounted 
for on the assumption of limitation of conduction due to the absolute 
refractor) penod of these indivadual fibers The alternating refrac 
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toty and excitatoty phases must occur across the whole nerve alter- 
nately blocking and facilitating the passage of impulses from any 
fiber vhich may be brought into action by the external stimulus 
From Fig 4o it is clear that the stimulus shovs no ability to excite 
fibers at frequencies high enough to pemut inhibition by the refractory 
penod of the induidual fiber Smce the oscillograph has a natural 
penod of about 6500 per second, S)mchromzation of tactile impulses 
vith the spontaneous discharge cannot be accounted for in terms ot 
an instrumental penodicit}- 

Electncal spread of action currents beyond the confines of the 
fibers m which they occur nught produce alternating fluctuations of 
excitability m all the fibers of a nerve trunk including the unstimu- 
lated ones ^'\^^en these latter fibers become active through stimu- 
lation the}’- could only conduct at periods coinciding with the periods 
of excitability produced by the activit}'- of the other fibers which are 
spontaneously active 

The last suggestion obviates the necessity of any localized pace 
maker for the phasic response Anesthetization, or crushing of the 
freed, cut end of ner\e distal to the electrodes, seldom makes any 
diflerence \\hate^er in the response Very occasionally some di- 
minution of the discharge results from this treatment but this may be 
due to mo^cmcllt of the nerve on the electrodes The only damaged 
region therefore common to all of the nerve fibers seems to have little 
or notlung to do iMth the s}Tichronous discharge The groups of 
neuromasts arc distnbutcd along the course of the nerve and since 
the} can be remo\ed either surgically, or functionally by lowering 
the temperature vithout affecting the synchronous rhythm, no single 
po^^ition along the course of the ner\e may be regarded as a pace 
maker region In some preparations ^\hen the injur}’ discharge occurs 
all the ncuromasts ma} be cut aw a} by seeenng the nerve between 
the body and the electrodes and the only effect on the sjmehronous 
response is to decrease its amplitude as in Fig 3 without altering its 
Ircqucnc} Jhese facts indicate that s}'nchronization is independent 
not onl} of the neuromasts but also of an} one anatomical!} fixed 
place along the lateral-line ncr\e 

The iniur} discharge takes ongin pnmani} from the cut and 
broken endIng^ ol the connections to the neuromasts in the region of 
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the exposed length of nerve which has been removed from the side for 
recording purposes Tins operation necessitates the breakmg of con 
nection with some dozen or more groups of sense cells Smce cuttmg 
the nerve free from the fish where it leaves the body has httle effect 
on the response when the mjury discharge is well developed, and smce 
crushing the severed ends of the nerve also is generally vfithont effect, 
It appears that the broben connections mth the neuromasts may be 
the source of the mjury discharge This is supported by the fact that 
the magmtude of the discharge is progressively reduced by successively 
pmchmg the length of nerve severed from the fish along its course 
betw een the body and the mput electrode The fact that pulhng the 
nerve supplymg the sense cells and breakmg connections with neuro 
masts generally produces violent injury discharges further supports 
the view that the discharge arises from the depolarized broken ends of 
fibers supplymg the sense cells These facts mdicate that stimulation 
of the mjured fibers is a result of the permanent depolarization due 
to the mjury, a conclusion m agreement with that reached by Adrian 
m accountmg for the mjury discharge from mammahan fibers Since 
the injury discharge normally resembles so completely the spontane 
ous discharge mitiated by the sense cells it is possible that these cells 
normally excite the nene tenmnations by producmg a relatively per- 
manent region of depolarization at the fiber tenmnations as a result 
of their normal metabohc activity The dependence of the response 
from the neuromasts on the circulation supports this suggestion 
The fact that the non spontaneously dischargmg tactile receptors fail 
to respond m all preparations when the spontaneous discharge set up 
by the neuromasts fails, suggests the dependence of excitabiUties of 
both groups of receptors on essentially similar steady metabohc con- 
ditions 


in 

Adrian (1930) found that rhythmicity of impulses discharged from 
mjured mammahan nerve fibers at body temperature does not occur 
at frequencies of less than ISO per second WTien the frequency 
declines below that the discharge becomes apenodic This critical 
minimum frequency of discharge was accounted for b> Adrian in 
terms of the curve describing the strength of stimulus required to 
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excite a nerve during various stages of its recovery period This curve 
IS h>T3crbolic and indicates that the greater a constant stimulus is 
above the tlireshold amount necessary to excite the fully recovered 
ner\'e, tlie greater will be the frequency of discharge which it may 
produce from the nerr’’e durmg the relative refractoiy period A con- 
stant stimulus of exactly the threshold amount necessary to excite 
fully recox^ered nerve w'ould be able, theoretically, to initiate only one 
impulse smee it would take infinitely long for the nerve to recover to 
the threshold asymptote wdiere this stimulus would again be effective 
The critical frequency of 150 per second implies, therefore, a recovery 
period of 6 7 ff for the mammalian fibers and tins agrees well with 
recovery periods of 5 to 10 <r measured in motor fibers by Adrian and 
Olmsted, and Erlanger, Bishop, and Gasser 
In the lateral-line nerve of the trout the critical minimum fre- 
quenc}’- is 120 rliythms per second corresponding to a recovery period 
of 8 3 <r The maximum frequency of 600 per second indicates either 
that the fibers are being discharged by a strong constant stimulus 
verx' early in their relative refractory periods or else that different 
fibers may respond in successive rhytlims of the discharge If the 
fibers, for example, were able to respond at a maximum frequency of 
only 300 per second, a rhythm of 600 per second might be obtained 
by liaMiig two groups of fibers alternately firing at 300 per second 
A mechanism of this kind has been proposed by Troland (1929) to 
account for the conduction of high auditor}^ frequencies The maxi- 
mum frequency of 600 impulses per second recorded in Fig 2 is higher 
than that usualh' associated with responses from single fibers in cold 
blooded xertebrates It is, ne\ erthelcss, possible that this rhythm 
15 produced bx the same group of fibers discharging at this frequency 
!Manx of the cxpcnmcntal facts described abox^c as well as certain 
a'^pccts of the injurx discharge presented by Adnan suggest the 
notion of chemical mechanisms underlying the rcpetitixe discharges 
The nsc of the injurx' discharge from the lateral-line nerxe (r/ Fig 2) 
begins some seconds after breaking connection with the neuromasts, 
build': up to a maximum in about 10 minutes, and then declines to 
zero dunng the next 5 minutes The nse and decline of frequenej of 
impuFes could be accounted for if the frcquencx were proportional 
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to the concentration of a substance (JS), produced as an intennediate 
compound m consecutive reactions of tbe type 

Adnan found that the injury discharge from mammahan fibers is 
reduced or stopped by imgation with Ringer’s solution independently 
of -variations in the composition of the solution He found that the 
discharge, silenced by washing with Rmger’s, was renewed m the 
presence of serum Crushed tissue ectracts m contact with the nerve 
did not produce nerve impulses and he concluded that a substance 
supphed by the circulation was essential for the production of the 
mjury discharge 

The dependence of the discharge from the fish neuromasts for 
penods of greater than IS mmutes on the integrity of the arculation 
mdicates that this normal effect depends on something contmuously 
supphed by the serum This may possibly be the A substance of the 
above paradigm which breaks down continuously to the chemically 
stunulatmg B substance m the sensory cells Rupture of connections 
with the neuromasts would remove the broken endmgs from further 
supply of A by the circulation but might leave a fixed amount of A 
m part of the nerve which, on muang with enzymes released from the 
broken tissue, would then decompose to form B, the source of the im 
pulses due to mjuty In this way the cunous cycle of nse and dechne 
of the mjury discharge might conceivably be accounted for 

There are, of course, other possible alternatives For example, the 
circulation may act to remove substances normally inhibitmg a process 
tending to produce contmuous exatations 


SUMXIARV 

The spontaneous discharge of impulses from the lateral hne nerves 
of trout and catfish has been examined 

1 Broken endings of nerve fibers suppljnng receptors of the lateral 
hnes of trout and catfish may be the source of a repetitive discharge 
of nerve impulses 

2 This mjury discharge occurs more frequently m trout and may 
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mask the spontaneous discharge from the receptor cells Expen- 
ments indicate that the latter discharge is not the result of injury 

3 The injury discharge ceases m from 10 to 15 minutes The 
spontaneous receptor discharge in trout may contmue for an hour if 
the circulation remains intact The receptor response also fails in 
from 10 to 15 minutes after failure of the circulation 

4 The receptor discharge, the injury discharge, or the summed 
discharges frequently become synchronized The excitability of the 
fibers of the nerve trunk appears to vary synchronously, so that nerve 
impulses initiated in fibers from tactile receptors not contributmg to 
the spontaneous discharge can be conducted only during the part 
of the cycle occupied by the spontaneous discharge 

CITATIONS 

Adrian, E D , 192S, The basis of sensation, Christophers, London 
Adrian, E D , 1932, ^Icchanism of nerx'ous action. University of Pennsylvania 
Press, Philadelphia 

Adrian, E D , 1930, The effects of injur> on mammalian nerve fibers, Proc Roy 
Soc Loudon, Senes B, 106, 596 

Adrian, E D , and Bm tendijk, F , 1931, Potential changes in the isolated brain 
stem of the goldfish, J Phystol , 71, 121 
Adrian, E D , 1931, Potential changes in the isolated nervous s\stcm of Dyltscus 
iuargtnaUs, J Physiol , 72, 132 

Adnan, E D , Cattcll, McK , and Hoagland, H , 1931, Sensorj discharges m 
single cutaneous nerse fibers, J Physiol , 72, 377 
Bronk, D W , and Ferguson, L K , 1933, The nervous regulation of the respira- 
torv movements of intercostal muscles, Pw Am Physiol Soc , Annual Meei- 
ing, lOS, 13 

Cattcll, McK , and Hoagland, H , 1931, Response of tactile receptors to inter- 
mittent stimulation, J Physiol , 72, 392 
Creed, K S , Dcnm -Brow n, D , Eccles, J C , Liddell, E G T , and Sherrington, 
C S , 1932, Reflex actmtv of the spinal cord, Oxford Univcrsitv Press 
Hoagland, H , 1932-33 a, Electrical responses from the lateral line nerves of catfish 
I, J Gen PI \sio' , 16, 695 

Hoagland, H, 1932-335, Quantitative analvsis of responses from lateral line 
nerves of fishes H, J Go Plysio^ , 16, 715 
Hoagland, H , 1932-33 c Quantitative aspects of cutaneous sensor} adaptation I, 

J Go P/vnr', 16, 911 

Hoagland, H, 1933-34, Flectncal responses from lateral line nerves of fishes 
HI, J Gcr PI _.ric\ 11, 77 



209 


*'■■■£•. 1, s ’”'■ ”• . 

r Th „d 

T™. . -<V, 




THE THEORY OF DIFFUSION IN CELL MODELS 

By LEWIS G lOVGSWORTH 

{From the Laiorotones of The Ketchefcller Inslilule for Medteal Research) 
(Accepted for pubhcation July 18, 1933) 

I 

mTEODncnoN 

Osterhout and Stanley* have recently descnbed some interesting 
cxperunents on diffusion between two aqueous phases separated by a 
non aqueous phase These expemnents were modeled after hvmg cells 
and duphcated the power of some cells to concentrate preferentially 
certain chemical substances Furthermore, the volume increase 
shown by one of the aqueous phases m the model is somewhat analo 
gous to the growth of hvmg cells In a model m which water and a 
salt are the only substances whose diffusion need be considered Oster- 
houU has shown that the results arc m quahtative accord with the 
Imetics which characterize two consecutive monomolecular reactions 
It seems to the author, however, that the raechamsm more nearly cor- 
responds to that of two simultaneous and mutually dependent proc- 
esses Consequently it is the purpose of this paper to formulate and 
solve the simultaneous differential equations which probably describe 
the model These equations will be denved startmg with the simple 
but fundamental laws which desenbe diffusion processes in general 

Jacobs’ has recently formulated the sunultaneous differential equa- 
tions which describe the relation between cell volume and penetration 
of a solute These equations, though suniJar to the ones which are 
denved m this paper, are somewhat more difficult to solve and the 
desired time curves are not obtamed by direct integration 

* Osterhout tV J V and Stanley W M J Gen Physiol 1931-32, 16, 667 

’ Osterhout W J V J Celt Physiol 1932-33 16, S29 

• Jacobs, JL H , / Celliilar and Comp Physiol , 1933 3, 29 

2n 
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II 

Descnpho7i of the Experiment 

Osterhout- has given a detailed description of the experiment whicJi 
IS to be treated theoretically m this paper He has also included an 
excellent discussion of the physical processes which are involved and 
the justification for certain assumptions which it wU be necessary to 
make in the development of the theory Therefore only a bnef dis- 
cussion of the experiment will be given in the followng paragraphs 
The aqueous layer A (Fig 1) consists of water saturated with a 
weak acid, HG, and contains the potassium salt of this aad, KG, 
at a concentration of 0 05 normal The solution in A is continuously 
replaced dunng the experiment so as to maintain a constant concen- 
tration of KG in this region The non-aqueous layer B consists of 


A 


a 


B 


b' 


b 


C 


Fig 1 


the veak acid HG which is but shghtly miscible wth water and which 
IS mitially saturated with the latter This phase separates A from a 
second aqueous layer C which is saturated with HG and through which 
COi is contmuously bubbled at atmosphenc pressure All three 
phases are stirred so that the diffusion which occurs takes place in the 
lasers at the phase boundanes a and b which are not affected by the 
stimng As Osterhout has pointed out the high viscosity of the non- 
aqueous medium makes it probable that the unstirred layers are much 
thicker in this phase than in the outer aqueous la> ers It wall there- 
fore be assumed that the onh gradients of composition which occur are 
in the la} ers aa' and bb' (Fig 1) The mobilities of the diffusing con- 
stituents are much lov er in the non-aqueous phase^ than in the aqueous 
phases, an additional fact which makes it probable that the constants 
for the diffusion processes are determined largely b} the character- 
istics of phase B 

^ O;terhojt, J \ , Kame-ling, S E , and Stark’ , M,/ Ger Pt ji'cl , 

17, in p'ess, (Kinetics \ I) 
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The two substances whose sunultaneous diffusion through B is 
significant are KG and HjO The force which causes the diffusion of 
KG, for example, from A to C is the gradient of chemical potential for 
this substance which exists between A and C due to the difference in 
the concentration of this substance in the two layers The chemical 
potential fx , of any given molecular species » may be defined by means 
of the equations* 

fit - 11,1 + ST In n, (2 1) 

= lti + RT\ny,N, (2J!) 

In these equations fi? is the chemical potential in some arbitrarily 
chosen standard state, R the gas constant, T the absolute temperature, 
a, the activity, y, the activity coefliaent, and N, the concentration 
of the t th constituent The concentration scale best adapted for the 
treatment of the present problem will be considered m the following 
section 

The KG diffuses from A in which the concentration, and hence the 
cheimcal potential, of this substance is maintained at a constant value, 
through B into C where its concentration is imtially zero and where 
the foUowmg reaction occurs 

KG + B,CO. - KHCO, + HG (2J) 

The mass action expression for this reaction is 

“HC “kHCOi " “kC “HiCO “DSUuit (2 4) 

Since the partial pressure of COj is constant and smce the activity of 
HG m C IS mamtamed at a substantially constant value by contact 
with the non aqueous phase in which HG predommates, equation 
(2 4) may be sunphfied to 

“KHCO. " ^ “kc 

K m this expression bemg a constant 

‘ Len-is G N and Randall M TheraiodyTiamics New YorL McGraw Hdl 
Book Co Inc, 1923 254 See also Gibbs J W , Collected works, Longmans, 
Green and Co , New York 1928 1, 92 
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If the salt actmties in this expression are replaced by the products of 
the ion constituent activities according to the convention of Lews and 
Randall (p 326 of Footnote 5) 

‘*HC07 “ ^ ‘^cr 


or 


“ hco 7 ^ ^ ^cr 


(2 5 ) 


Since the activity coeffiaents which may be inserted into equation 
(2 5) in order to convert the activities to concentrations always occur 
as a ratio j it follows from the pnnciple of the ionic strength that a very 
close approximation to (2 5) will be obtained by placing 




(2 6 ) 


Since HjCOj is a much stronger acid than HG the constant of equation 
(2 6) has a value much greater than unity and most of the KG which 
diffuses into C is converted into KHCOj 

The back diffusion of KHCOj from C to A may be neglected due 
to the very shght solubihty of this substance in the non-aqueous 
phase CO; appears to be able to diffuse from C to A This does not 
occur to any appreciable extent in the model, how'cvcr, and may 
therefore be neglected It is possible that some COz does diffuse 
across the phase boundary h but if the reaction represented by equation 
(2 3) occurs in phase B the KHCO3 thus formed would be immediately 
extracted b\ the aqueous layer C, thus compensating for the diffusion 
of CO; 

^^^lereas the chemical potential gradient causing the diffusion of 
KG from A to C wall depend upon the value of c in 67 the potential 
or osmotic pressure of the water in this phase wall depend upon the 
total concentration of solute in C Since the chief solute in C is 
KHCOj the diffusion of KG from A to C vath subsequent conversion 
into KIICO3 wall eventually lower the activity of the water in C to 
a value below that in A The effect of this upon the diffusion of 
V alcr vail nov. be con'^idcred 

\t the beginning of the cvpcnmcnt, when the concentration of 
solute in C 1'= lo.' er than in 1, vatcr v ill diffuse from C into /I This 
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initial movement of H2O from C to will contmue until the diffusion 
of KG m the reverse direction, followed by its conversion mto KHCOj 
m C, bmlds up the solute concentration m this phase to such a value 
that the activities of the water in A and C are equal The activity of 
KG m C, however, which corresponds to this concentration of KHCO3 
IS stiU much lower than the activity of KG in A so that KG continues 
to enter C and be converted mto KHCOj This lowers the activity of 
HjO m C below its value in A and the water consequently reverses 
Its direction of flow and henceforth moves from A to C The time 
at which this reversal occurs corresponds to a mmimum in the water 
content of the phase C and is treated further m Section IX 

The simultaneous movement of KG and HjO from A to C then 
contmues indefimtely and approaches a condition m which KG and 
HjO enter C m essentially the same ratio as that of KHCOj and HjO 
already present, so that on conversion of the entermg KG mto KHCOj 
the concentration of this latter substance m C remams unaltered 
This condition is called the steady state and is an important feature of 
the experiment 

Smee it is impossible to fix ngidly the phase B m the model, the 
hydrodynaimc pressure developed by the increase m the volume of 
C IS exactly compensated by a shift in the position of the intermediate 
phase and must consequently be neglected m the present theory 

nr 

Tlie Concenlrahon Scale 

As will be shown later, it is necessary to consider the partition of 
the diffusmg constituents between the vanous phases and smee one of 
these, water, is that which, in the outer aqueous layers, would normally 
be termed the solvent a concentration scale must be selected which is 
symmetneal with respect to all constituents The mole fraction 
satisfies this reqmrement and will therefore be adopted As indi 
cated in equation (2 2) i\\ represents the mole fraction of the r th 
constituent while the actual number of moles of t present in anj gi\ en 
region will be denoted bj lu Tlic mole fraction is defined by the 
expression 


N, = 


nn + «! -*• ffj + 


W< 
i n 


( 31 ) 
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in -whicli the summation is to be taken over all speaes present The 
mole fraction is related to the volume concentration (c, moles per 
milhhter of solution) by the equation 


c. 


n. 


i fit 




in which y. IS the partial molal volume of the 7-th constituent in milli- 
liters 

If one constituent of a phase is greatly predommant it may be repre- 
sented by the subscnpt 0 and no senous error is involved m replacing 

the mole fraction of another constituent by its mole ratio, —> 

llo 


In this case 


A'o <=^ 1 
no 



J 0 


C, ^ 


n. _N. 
»oVo Vo 


(3 2) 


(3 3) 


in which Vo IS the molal volume of the "solvent ” 


n'’ 


T//C Diffusion Equation 

In the denvation of the equations vhich descnbe molecular dilTusion 
processes it is customaiy to assume that the velocity of migration, 
of the 7-th constituent is proportional to the chemical potential 


gradient, 


t/r ' 


of that substance® 




— «. 


dj^ 

dx 


(4 1) 


n. being the factor of proportionalitj or mobilit> The dcnvatives of 
yu. vith respect to the other space coordinates mav be neglected if 
duTus’on tal es place in one direction onl> as in the present experiment 
Equation (4 1) ma\ be multiplied b\ .V, and rearranged to 


® On-ager, L . ard Flo=.s, R :«f , J P’r O cr- , 1932, 2C, 26S9 fs« page US')] 
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(4 2 ) 

iKi dx 

Since this equation is to be apphed only to the substances diffusing 
through B and since these are present in this phase at relatnely low 
volume concentrations the appronmation represented by equation 
(3 3) may be mtroduced into equation (4 2) to give 

utNt ini dNf 

VtCi - - 


It IS evident, however, that the product ViC, is the veloaty ivith which 
a given concentration moves and hence is the flux of material per 
bfli 

unit area and umt tune, — , through a plane perpendicular to the 

direction of imgration If ^ is the total cross section of the diffusion 
layer the diffusion equation becomes 


d/ 



(4 3 ) 


Equation (4 3) will be recognized as Fid’s law if 


Di " uiNi 


diti 

dSi 


D, being the diffusion coefficient By means of equation (2 2) this 
may be rearranged to 

(4 4 ) 

Since — is generally a function of N it is evident that the diffusion 
dlnNi 

coeffiaent will also vary with the concentration Hon ever, it has 
aheady been assumed that diffusion occurs only m the non aqueous 
phase, m which, due to the low lonizmg power of the solvent, electro 
lytes behave more nearly as perfect solutes than in an aqueous phase 
For a perfect solute the differential coeffiaent m equation (4 4) is 
zero and m the present mstance may at least be assumed constant 
Moreover, it sunphfies the mathematical treatment if the very 
probable assumption is made that at any given tune the thickness of 
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the combined diffusion layers {aa’ and W of Fig 1) has a value suffi- 
aently small to warrant the consideration of the concentration gra- 
. , A.T. 

dient as constant and equal to — — Since the value of hx is nearly 

m 

mdependent of the time equation (4 3) may be rewntten 


dt ~ W ' 


(4 5 ) 


V 

Eqiiihbria a! tJ c Phase Boundaries 

Equation (4 5) is the general differential equation which will be 
adapted to the experiment considered m this paper Before this adap- 
tation can be made, hov e^ er, the mechamsm of the transfer of matenal 
across the phase boundanes must be considered If, as is usually 
assumed equihbnum for a gi\en constituent is attained practically 
instantaneously at a phase boundary, it is correct to say that the 
chenucal potential for that substance is equal in the two phases at 
the boundaiy* and hence has no discontmuiti at that place 
Accordmg to equation (4 1) the \eloat\ of a constituent is pro- 
portional to the gradient of chemical potential, the latter being con- 
tmuous at a phase boundaiy as indicated abo\e, but the flux of a 
constituent is determined not onh b\ its ^eIoaty but by the product 
ol this into the concentration vhich is usually discontmuous at a phase 
bounaaiy- It thus appears that the dn\nng force vhich causes 
diffusion across the non-aqueous la>er v.iU be determined largeh by 
the compos’tion of the two aqueous phases, whereas the flux of ma- 
tcnal will depend in part up>on the concentration of the diffusing sub- 
stances in the ron-aqueous la}er Thus other conditions being the 
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In these expressions the superscript denotes the region to which the 
concentration or partition coeffiaent refers Thus Nf° is the con- 
centration of the j th constituent in phase B at the plane a These 
are stoichiometnc partition coeffiaents and are functions of the con- 
centration in general 

Since the aqueous layer A is contmuously replaced, iYkc, 
and the corresponding partition coeffiaents, and 5 hk), are con- 
stants, the values of the latter being 1 7' and 0 417' respectu ely 
At the phase boundary i, however, the concentrations, and hence the 
partition coeffiaents, vary with the tune and this vanation on the 
part of the partition coeffiaents must now be discussed in some 
detail 

In the absence of data on the effect of salts upon the distnbution 
of the non electrolyte, water, the coeffiaent may be considered 
constant — and equal to 0 417, the value obtamed from the mutual 
solubility of the two hquids, HG and HjO, m the absence of salts — 
if the effect of the salt ionization upon the activity of water m the 
aqueous phase is considered This may be done by mtroduang the 
osmotic coeffiaent, t, mto the expressions for and as follows 

f'fnrt ^ ~ ^Ba ~ ^co, ~ ’^f'&co, 

(54) 

The osmotic coeffiaent is also a function of the concentration but no 
serious error will be made if an average but constant value is assigned 
to it for the parPcular experiment under consideration Thus a value 
of 1 9 may be assigned to *'*, corresponding to the constant value of 
Ykc = 0 00090, and 1 7 which corresponds to the arerage value 
^Hco. = 0 006 (see Table I) The values of iVhc (= N^c) and 
A^o. are 0 0027“ and 0 00062,* respectively 

’ Unpublished measurements made ui this laboratory The solubility of water 
in the non aqueous material is about 9 73 per cent Thus 100 gm of the non 
aqueous phase contain 9 73 gm of H,0 or 0 54 mole, and 90 3 gm. of HU or 

0 756 mole (see Footnote 12) Yfi, u therefore or 0 417 and 

smee is essentially umty , Jftg) — 0 417 

\Intemational Critical Tables New York, McGraw Hill Book Co , Inc., 1928, 
3,260 
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Osterhout, Kamerlmg, and Stanie}-^ ha\e found that the distnbu- 
tion of KG between HG and H;0 is quite sensitive to the concen- 
tration uhen this is low but becomes nearly independent of the latter 
as saturation is approached The exact functional relationship has 
not been estabhshed, howe\er, and in the present theory a constant 
\ alue of 1 S5 ■^all be assigned to Gkg The use of a constant value for 
Gkg in this manner is dearh’ unsatisfactoiy* and probably represents a 
rather poor approximation, but the mathematical complexity which 
results from the assumption of e\ en a Imear \ anation of the partition 
coefficient vath concentration is rather senous hforeover the com- 
mon ion effect of the potassium ion from the ELHCOj in C upon the 
partition of KG introduces an additional complication The value 
v hich has been assigned to 'n'as obtained in the following manner 
According to the con\entions of Levas and Randall® the activity 
of KG in the phase C is given b} the relation 

‘^KG •’O- " K* ^ 

in which IS the mean ion activity coefficient and will depend upon 
the total ionic strength of phase C The distnbution measurements of 
Osterhout Kamerlmg, and Stanley were made with solutions of pure 
KG and in this case, 

'k* 

and 

4G = ra'('Kr)’ (5 5) 

the b-’r over the svmbol indicating that KG is the onlv salt present 
In the experiment being considered in this paper however, KHCOj 
IS al=^ present in C at an average concentration of A ^uco, “ 0 006, 
so th''t 
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yC ^ 

■" ^ "^KC (^KHCOi + ^Kg) 
'± 

or-nitb reference to equation (2 6) 


(5 7) 


By means of equations (6 8 ) and (8 4) which follow, K may be ehmi 
nated to give 


fxe 






, /00S76 , 000768 


(4c)' 


The value of corresponding to this value of as obtained from 
a plot of the partition measurements mentioned above, is the quan 
lity desired Since Sk<; must be known, however, before A'kc tan be 
evaluated and since 7 ^ also depends upon fC|c> a senes of approxima- 
tions will be nTCCssary Tor JV5„co, “ 0006, ~ 0S9» The 

computed value 0 00106, so that jlc => 1 8 S and 7 ^ ~ 0 73 
if the activity cocflicicnts of KG arc sirralar to those for KHCOi and 
if the small amount of HG present in the aqueous phase C may be 
Ignored In the steady state iVsneo* “ 0 012 and a smular calculation 
gives the value 2 5 for •Skc The difference between 1 85 and 2 5 
affords an estimate of the error w'hich is involved in the assignment 
of a constant value to ■Skc 

It has been necessary to develop the foregoing theory m order to 
utilize the results of ordinary partition measurements in obtaining the 
distribution equihbna in the presence of an added salt with a common 
ion It should be apparent that the thcorj is also applicable when a 
salt with no ion in common is added to the aqueous phase The effect 
upon the partition equihbna is then contained cntircl} in the activity 
coefficient ratio of equation (5 7) However, it should be emphasized 
that the added salt cannot be appreciably soluble in the non aqueous 
phase if the foregomg equations arc to be applicable 


• Gunlelberg E and Schilldt, E Z ph^s Chem , 1928, 13G, 395 
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Speciahzahon of the Dijfimoji Equahon 

The flux of the two diffusing substances through the plane Fig 1, 
will now be considered The flux of KG through this plane is, accord- 
ing to equation (4 5), 



AD, 


XG 


^HG^ 



From equations (5 1) and (5 2), this may also be written 



(•^XG ^ XG “^XG ^ Xg) 


(61) 


Due to the reaction (see equation (2 3)) which occurs in C the flux 
of KG through the plane b is essentially the rate of appearance of 
KHCO3 m C 



^”XHCO» 

di 


Elimination of N^q between equations (6 1) and (2 6) gives 


‘^”XHCO» 


di 

Similarly the rate of appearance of water in C is 

AD 


dl 


^H-O 






(6J2) 


(6^) 


Since the partition coeffiaents are to be considered constant, reference 
to equations (3 2) (5 3) and (5 4) shows that the number of dependent 
vanables in equations (6 2) and (6 3) ma}’- be reduced to two as follows 

dr^Trr-n. AD-c-r. ( . ^KG 4kcO«\ 


* XHCO, 

di 


^ HG^ 


^KG f 

V 


■^KG ' KG 


‘H-0 


7 


dn 


H-O 


AD. 


F-O 


dt 


* HG-^ 


^HO 


vC \C 

FG CO 


1^(1 ~ -'' hg “ ’^-'kgI 

I- -^XG *'CO. * 


rC 

r ^xhcOj 

7^7 i 

'^F-O /-J 


l.Y 


^ HG^ 


_ ‘^H-0 


.C 

•E-O 


■) 
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The notation may be simplified by placing 
”khco 

”HiO “ 

and by collecting the vanous constants as follows 


A 


o .-c ^ 

^KC ^ ■^c/'^Lc “ 

^Oi/*^ — = — (?o 


Then 


(fni 

it 

irh 

it 



(fi4) 
(6 5) 


(6 6 ) 

(6 7) 

(6 8 ) 
( 69 ) 


(610) 

(611) 


vn 

SohUion of Uie DtfferenUal Equaltons 

Elimination of «i/Ko between equations (6 10) and (6 11) gives the 
expression 


JL ^ ^ 1. ^ 

ai dt oo dl 


* ft — Po 


which may be immediately mtegrated to give 

- + - - (fli - + - (7 1) 

0| 0(0 ^0 


h. 

«0 


IS a constant of mtegration, /o bemg merel> the number of moles of 


water initially present m phase C smce the value of Ki is zero at this 
time 
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Translation of the tune axis by means of the substitution 

i = i' ^ r 

— /So) 

reduces equation (7 1) to 

- + - = fe - /So)/' (7 2) 

at Oo 

Equation (7 2) tells us nothing about the individual dependence of 
Jii and iio upon the tune, but by solvmg this expression for ni and sub- 
stitutmg this value mto equation (6 11) an expression involving only 
one dependent variable is obtamed Thus, 

«i = ofiOSi — /So)i' — — «o 
Oo 


and 


dfto 


— acfio — «! 4- otiaoOSi — /So) — 

«o 


(7 3 ) 


Equation (7 3) is homogeneous and the variables are rendered sepa- 
rable by the substitution 

TJo = V f (7 4) 


SO that it becomes 


vdt* + t'dv = - bdt' 


a 


V 


if 


— a = ofjaoC/Sj — Po) 
6 = «! + OTO/So 


(7 5) 
(7 6) 


Rationalization and separation of the variables gives the expression 

vdv dl' 

0 

o + + p* t’ 


The integral of this is 
In (a 4* ^ r^) — 


+ 2 to /; /' = 0 

V — g 2r+6 + V — 9 


(7 7) 



LEWIS G LONGSWORTH 


22S 


m whjch h IS a constant of integration and g = 4a — 
Since 


4(a + (2fl+6 — "x/ — q) (2 p -f- fi + \/ — j) 

equation (7 7) may be rearranged to 

^ ^ log (2 p 4- 6 — "x/— ^ — ^log C2 p + ft 4- *%/— g) 4- 

2 log (' 4- /i “ 0 (7 8) 

In equation (7 8) Briggsian loganthms have been substituted through- 
out for the natural logarithms and it is m this form that computations 
can be made most convemently This equation cannot be solved 
exphcitly for v, and hence for fip, but it is already exphat m i' and 
therefore may be readily employed for a calculation of the time curves 
as follows 

From equations (7 2) and (7 4), 

Till — o» aiCSi — ^o) ———•=* «i03i “ ^o) “ — (7 9 ) 

rti «# o# r a, 

and a value of v may be computed which corresponds to a given con 
centration, If, This value of a is substituted in equation (7 8) and 
the correspondmg value of t' computed This value of I', together with 
the value of v which was taken, is then substituted in equation (7 4) 
and no computed, etc 

Before these computations can actually be made, however, values 
must be assigned to the necessary constants The constant /o, as 
shown above, is the number of moles of water imtially present m 
phase C and has the value 3 321 A value of 0 00064 for ft may be 
computed from equation (6 9) smce all of the terms on the left hand 
side of this expression are known After values have been assigned 
to the other necessary constants the mtegration constant /, may be 
evaluated by means of equation (7 8) from the conditions that at 

zero time /' = , , , and » = 3 (equation (7 4)) The value 

Oo{pi — pn) * 

of I I which Vi&s used in the computations for the time curves is 
-2 202297 The constants oo, a„ and involve the 
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but unknown quantities D^q, D^^o, Aa:, and K, and must therefore be 
evaluated from the experimental data A method of evaluating 
these constants will be outhned in the next section 

vm 

Evaluahon of the Characteristic Constants 

The data recorded by Osterhout were the volumes, V, in milhhters, 
of the aqueous phase C and the total salt normahty in this phase for 
different values of the time, t, m hours These data are recorded in the 
first three columns of Table I Values of ih, and no, which are recorded 
m Columns 5 and 6 of the table, were computed by means of the rela- 
tions 


«i = 


tto ^ 


C V 

V d - min, 
18 015 


100 1 and 18 015 bemg the molar weights of KHCO 3 and H 2 O 
respectively d is the density of the solution and was taken as equal 
to that of a pure aqueous solution of KHCO 3 as given in the Inter- 
national Cntical Tables The values of the density are recorded in 
the fourth column 

The data of Table I may be used to evaluate the constants aj, ao, 
and jSi as follows Smce equation (7 1) may be rearranged to 

111 ill III 

«o — 3 321 t T T j 

a plot of as ordmate against — as abscissae should give a 

111 ni 

straight line with a slope, ao(/7i — 0 00064), and an intercept, —ao/ai 
This method of plotting the data (Fig 2) magmfies small experimental 
errors in the imtial stages of the experiment when no differs but little 
from 3 321 and it is therefore not surpnsmg that the first two points 
m Fig 2 deviate considerably from a straight line The remaining 

International Critical Tables, New York, McGraw-Hill Book Co, Inc., 
1928, 3, 90 
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points yield a satisfactory straight line although such a line is not 
drawn in the figure Since this plot is to be used for the evaluation of 
two of the constants which occur in the theory the final time curves 
for the entrance of salt and water can best be represented if all pomts 
in Fig 2 are given equal weight When this is done the straight line 
which best represents the data, as detemuned by the method of least 


TABLE I 


Expenmatial Data 


1 

2 

3 

4 

5 

6 


/ 

KHCO 

eoDC. 

i 

d. 

density 

" "KHCO 

c 

fW - 


krt 

0 

mclt/UUr 

0 00 

ml 

60 

0 997 

0 0000 

3 321 

0 0000 

16 

0 10 

60 

1 004 

0 0060 

3 311 

0 00181 

42 

0 26 

64 

1 014 

0 01661 

3 510 

0 00474 

65 

0 40 

68 

1 023 

0 0272 

3 710 

0 00733 

80 

0 46 

72 

1 027 

0 03312 

3 930 

0 00843 

104 

0 53 

76 

1 032 

0 04028 

4 130 

0 00975 

128 


81 

1 037 

0 0486 

4 393 

0 01106 

151 

0 61 

87 

1 037 

0 05307 

4 713 

0 01126 

178 

0 62 

93 

1 038 

0 05766 

5 038 

0 01145 

208 

0 63 

99 

1 038 

0 06237 

5 358 

0 01164 

232 

0 63 

105 

1 038 

0 06615 

5 685 

0 01164 

256 

0 63 

112 

1 038 

0 07056 

6 062 

0 01164 


squares, is the hne drawn m the figure The slope and mtercept of 
this hne furnish the relations 

cro/tfi ^ 38 65 (8 1) 

„,03, - 0 00064) = 0 02128 (8 2) 

A third relation between the three constants is necessary and may 
be obtained from the lumting slope of the Ko-f curve as the steady state 
IS approached The straight line of Fig 3 appeared to have the cor 
rect slope the value bemg 

= 0 01392 = 0.(0 01164 - 0 00064) (8,3) , 

- oaiiet 
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Equations (8 1), (8 2), and (8 3) then give 

00 = 1 265 

at = 0 03273 (g4) 

ft = 0 01746 



t/nj 

Fig 2 A rectilinear plot of certain functions of the experunental data From 
the slope and intercept of this line two of the three empincal constants which occur 
in the theory ina> be evaluated 

■^"ith these values of the constants the time curves may be com- 
puted by the method -which has been outhned The results of these 
computations are gi\ en in Table 11 and are plotted as smooth cur\'es 
in Figs 3 and 4 
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IX 

Compai tson of Theory with Experiment 

The computed time curve for the entrance of water is in fair agree- 
ment with the expenmen tal data which are plotted as circles m Fig 
3 Thus the theory predicts the minimum in this curve after the 
experiment has been in progress for a few hours It will be recalled 
that this minimum occurs at the time that the water reverses its mitial 
direction of flow and begms to move from ^ to C (Fig 1) At this 
tune 



The values of «o and t corresponding to this value for — are 3 319 and 

7/o 

3 77 respectively Phase C thus has a minimum water content after 
about 4 hours 

Agreement with experiment in the case of the concentration-time 
curve IS satisfactory as may be seen by reference to Fig 4 An 
essential feature of the experiment — the approach to the steady 
state — IS clearly illustrated The characteristics of the steady state 
may be demonstrated as foUows Differentiation of the relation 



with respect to the time yields the expression 


dNi , dm 


dm 

It 


(9 1 ) 


In the steady state Ai is constant and equal to Ni> Moreover 

= 0 so that equation (9 1) becomes 
dl 
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From equations (6 10) and (6 11), however, 

iVii ao(— ft 4* Nu) = aiC^i — JVi») 

Solution of this quadratic gives, as the only physically possible root, 
the expression 

Ni, “ ^ («oft — + \/(ai — Ooffo)* + 4oto«j^i) (9 2) 



Fig 4 A companson of theory mth experiment for the change of salt concen 
tration in phase C with the time The theoretical curve is drawn as a full heav^ 
line and the expenmcntal points arc mdicated by the circles Concentrations 
are expressed as mole fractions and the hght honzontal line is the theoretical value 
of the concentration m the stead> state 

Substitution of numencal values for ao, etc , leads to a value for 
Nu of 0 0121 which is but shghtly greater than the final \alues (0 01 1«) 
whidi were observed during the latter stages of the experiment 
Through a combination of equations (9 2), (7 9), and (7 8) it 
be shown that the steady state concentration is attained only 
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i n fin i te time, but a companson of the curve of Fig 4 with this hmitmg 
asymptote which is drawn as a straight honzontal hne indicates that 
the concentration has reached a value only 5 per cent less than the 
hmitmg value after about 200 hours 

X 

CONCLUSION 

Some of the physical quantities which appear m the expressions for 
ao, Oil, and /3i (equations (6 6), (6 7), and (6 8)) are capable of inde- 
pendent measurement and in conclusion a discussion of these con- 
stants will be given Thus a value for K may be evaluated from cer- 
tain properties of HG and H2CO3, namely, the solubihties of these 
weak acids m water and their ionization constants 
In equation (2 5) both numerator and denominator may be multi- 
phed by <Zh+ to give 

K - faaJs! (10 1) 

but Oncol ~ T^hcoi ^HjCOi 3.nd (1q- d-g* = KgQ dgg SO that 

equation (10 1) may be wntten 

^ (102) 

Smce Kg^co, has the value 4 54“ X 10“^ and Kgg an even smaller 
value, ChsCo, be replaced by the solubihty of CO 2 at 1 atmosphere 
(0 034 mole/hter) and Ohg by the solubihty of HG (0 15 mole/hter) 

It is impossible to make an accurate estimation of K by means of 
equation (10 2) due to the fact that the weak acid represented by the 
symbol HG was, in the experiment of Osterhout and Stanley, a mixture 
of two weak acids, guaiacol (70 per cent) and />-cresol (30 per cent),“ 
and also to the fact that the ionization constants for these substances 

JIacInnes, D A , and Belcher, D , J Am Cfiem Soc , 1933, 66, 2630 
^"In all computations involving this material, such as conversion of volume 
concentrations to mole fractions, etc , a molar weight, density, and molal volume 
of 119, 1 11, and 107, respective!} , have been employed These values are the 
means of the values for the pure substances, account being taken of their propor- 
tion b} weight 
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which are to be found in the hterature are very discordant Thus a 
hydrolysis method'* gives 

^(guaiacol) =* 1 17 X 10~” 

Jt(#-cresol) «■ 6 7 X 10-“ 
whereas a conductance method'* gives 

rf^-cresol) - 1 1 X 10-* 


If guaiacol and p cresol are assumed to have essentially the same 
ionization constants, as the results of hydrolysis measurements would 
indicate, K in equation (10 2) has the value 9 X 10* if 1 1 X 10'"'“ 
IS assumed for K^c and the value 9 if K^g = 1 1 X 10“* The value 
of 21 which may be computed from equation (6 8) and which best fits 
the diffusion data is mtermediate between the two independently com 
puted values The results of this computation are inconclusive ex- 
cept m so far as the mdependent estimate of K indicates that most of 
the KG which enters C is converted into KHCOj 
Trom equations (6 6) and (fi 7) it is evident that 


aiK 


-0 37 




The ratio of the two diffusion coefficients is = 4 8, a value 

which indicates that HjO diffuses through the non aqueous layer 
much more rapidly than KG This ratio is somewhat higher than 
would be ejected from a consideration of molecular size and may be 
due to the fact that the concentration of water in the non aqueous 
phase is so high that certain assumptions which were made in the 
derivation of the diffusion equations are partially invalidated 

Osterbout, Kamerlmg/ and Stanley have shown that the diffusion 

**LandoIt H and Bbrnstein, R., Phj’sikalisch-chenusche Tabellen, Berlin 
Juhus Springer, Sth edition (Roth W A and Scheel R.), 1931, suppl vol 2, 
pt 2, pp 1087*^8 

** International Critical Tables New York, McGraw Hill Book Co Inc., 1929, 
6, 281 
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of KG in H 2 O IS about twelve tunes as rapid as in HG The value of 
D^g for diffusion in water is not known but it will certainly be of the 
same order of magnitude as the diffusion coefficient for a potassium 
salt with a large organic amon such as potassium acetate, namely, 
1 X 10“® cm Vsecond Thus D^g for diffusion m HG is of the order 
1 X 10~® cm Vsecond or 3 6 X 10“® cm Vhour The mean area of 
the two phase boundanes a and h (Tig 1) was about 95 ^ ^ Con- 
sequently 


A» = 


AD 


'kg 95 X 3 6 X 10-3 


0 37 0 37 X 107 


0 01 cm 


From direct microscopic observation Davis and Crandall^® have 
estimated that the thickness of the unstirred water layer at a gas- 
water interface is about 0 04 cm While the two values are by no 
means comparable it appears that the value for Ax which has just 
been computed is a physically possible one It is worthy of note that 
this value is sufficiently low to justify the assumption of a linear con- 
centration gradient in the unstirred layers which was made 
The theory which has been developed in this paper is subject to 
many obvious refinements and it may be necessary to amend certain 
aspects of the physical interpretation of the experiment Thus there 
are many'® who consider reaction velocities in heterogeneous systems 
to be determined by a slow attainment of equilibria at the phase 
boundanes and not by the time element in the diffusion across un- 
stirred layers It is important to note, however, that either picture 
will lead to essentially the same differential equations as those de- 
veloped in this paper though, of course, the physical interpretation of 
the constants wiU differ 


XI 

SUMMARY 

The differential equations which descnbe the simultaneous diffusion 
of uater and a salt in a cell model have been formulated and solved 
The equations have been denved from the general laivs which describe 

Da\TS, H S , and Crandall, G S , J A7}i ClietJi Soc , 1930, 62, 3757 
'® See, for example. Roller, PS,/ Phys Cftctn , 1932, 36, 1202 
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diffusion processes, thereby furnishing a physical interpretation for 
the constants which enter into the theory The theoretical tune 
curves for the two diffusing substances arc in good agreement ivith the 
experimentally determined curves and accurately reproduce all of the 
essential charactenstics of the experiment 




INTERMITTENT STIMULATION BY LIGHT 


II The Measitrement of Cmtical Fusion Frequency for the 
Human Eye 

By SELIG HECHT, SIMON SHLAER anp CORNELIS D VERRIJP* 
(From the Laboratory of Biophysics Ctlumbta University New I ork) 
(Accepted for pubLcation, May 24 1P33) 

I 

Cnhcal Frequency 

A field which is illuminated mtennittently at a sufficiently high 
frequency produces a visual sensation similar to that of a field which 
IS dlununated continuously The frequency of interruptions at which 
this fusion of visual impressions takes place is called the critical fre 
quency of flicker Under controlled conditions the determmation of 
this cntical fusion frequency may be made with considerable accuracy 

A large body of work has been done m an effort to describe the 
precise value of the cntical frequency under a vanety of circumstances 
These measurements will be descnbed and evaluated in the naxt 
paper of this senes Here it is enough to state that the mfluence of 
the vanous factors on cntical frequency is not wholly clear at present, 
especially in those aspects whose theoretical significance is most in 
teresting We have therefore undertaken an investigation of this 
problem, the results of which are to he presented m this group of 
papers This paper is concerned with apparatus and methods, both 
of which It IS necessary to desenbe m detail because of their significant 
bearing on the character of the measurements obtamed previously 
and at present 

The apparatus was designed to present to the observer a small field 
of hght penodically mterrupted and surrounded by a much larger 
field continuously lUununated, but otherwise the same as the inter 
rupted field The vanous parts of the apparatus are then concerned 

• Fellow (1929-30) of the Donders Foundation (Holland) 
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With controlling and recording the position, intensity, spectral com- 
position, and frequency of interruption of the visual field in their rela- 
tion to the detennination of the critical frequency of flicker by specific 
portions of the observer’s eye 

n 

Ophcal Syskm 

The arrangement of the apparatus is shown diagrammatically m 
Fig 1 The source of light is a concentrated filament, 500 watt, 
projection Mazda lamp, running on 110 volts and 4 2 amperes direct 
current furnished by storage cells The lamp is placed in a rectangular 
lamp house which possesses a circular opening 30 mm in diameter 
m each of two adjacent walls The openings are covered with ground 
glass, and serve now as two secondary sources of illumination 

The light from one is deflected 90° m its path, by a totally reflecting 
pnsm, and focussed by a lens mto the plane of a rotating, sectored 
wheel with four 45° sectors removed The diverging light then passes 
through a hole in the silvenng of a photometer cube, immediately 
after which it is focussed by a lens on to the exit pupil Between this 
last lens and the exit pupil there are (a) places for filters, of which 
we used both neutral and monochromatic, (5) a neutral, balanced, 
Eastman Kodak gelatme wedge, and (c) a very thm slip of glass, 
tilted so as to reflect a red fixation point mto the eye looking through 
the exit pupil 

The hght from the other ground glass of the lamp house passes 
through an identical optical system and eventually impinges on the 
photometer cube, where it is reflected from the silvered diagonal face, 
through the lens, filters, wedge, and glass shp, on to the exit pupil 
All light paths, pnsms, sector wheel, etc , are enclosed m blackened 
tubmg or in blackened housmg to reduce stray light to a minimum 
The exit pupil is a circular openmg 1 8 mm in diameter, and con- 
stitutes the artificial pupil through which all the observations are 
made An eye loo tin g into the exit pupil sees the photometer cube 
through the wedge, balancer, filters, and lens, and sees it bounded by 
the circular edge of the lens The \usual field is thus a circular area 
10° m diameter with a circular hole m it, 2° in diameter The hole in 
the siKermg on the diagonal of the cube is actually an ellipse, so 
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made that in front view it appears circular The larger circular held 
surrounding this opening is illuminated with continuous hght, the 
smaller, central observation field is illuminated with intermittent 
hght whose frequency depends on the rate at which the sector wheel 
rotates 



Fig 1 A simplified diagnunmatic plan of the optical arrangenients used In 
the measurements of critical frequencj 

The filament of the Mazda lamp in the lamp house is in one plane 
By rotatmg the lamp, one can vary the relatii e amount of hght which 
falls on the two ground glass surfaces This in turn controls the rcla^ 
live brightness of the inner, intermittently illuminated, test field, and 
the outer, contmuously illuminated, surrounding field In all our 
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in 

Control of Frequency 

The sector wheel, which is made of cold-rolled steel, is sohdly 
mounted on an axle which rests in a special iron castmg made to 
support and hold it It can be actuated by either of two motors 
For high speed its shaft is continuous with the shaft of a senes- wound, 
high speed 1/8 horse power motor, while for low speeds it is driven by a 
1/20 horse power, shunt- wound motor through a reducing gear and 
belt The speed of the motors may be vaned by means of rheostats 
in series with their power supply The motors run on 110 volts, 
direct current supplied from storage cells 
There are two reasons for havmg two motors One is that a smgle 
motor, unless it is run m connection with a vanety of pulleys and 
wheels, cannot by variations in current supply be made to negotiate 
easily and smoothly the entire extent of frequencies which we desired 
The other reason is that at low speeds we often wished to set a flicker 
frequency and to adjust the intensity of light until the flicker either 
just disappeared or just became visible This requires the motor 
to remain quite steady, which can be accomplished by the shunf- 
wound motor At higher frequencies we usually wished to set the 
intensity and to vary the speed of flicker For this purpose it is 
desirable to have a motor which responds rapidly to change m power 
supply, this IS accomplished by the senes-wound motor 
It is of mterest to determme the sharpness of cut-off and reappear- 
ance of the hght by means of the sectored wheel By clampmg a 
long pointer perpendicularly to the long axis of the shaft of the sectored 
disc, we w ere able accurately to detenmne the angle through which the 
disc has to move in order for the ^^sual field to pass from complete 
extinction to full intensity This turns out to be nearly 3° of arc, and 
shows that the cut-off and reappearance of the illumination may be 
considered as practically rectangular 

For this w ork we washed to cover a rather large range of speeds for 
the rotation of the sector disc, m particular we washed to record the 
veiy* slow speeds We could find no commercially available tachom- 
eter which possessed both the desired range and the necessary 
accuracy' We therefore adopted the procedure of timing a given 
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number of revolutions of the disc In the beginnmg this was done hy 
permanently connectmg the shaft of the sectored disc with a revolu 
tion counter which made an audible contact every 100 revolutions 
through a relay system The audible contacts were then timed with 
a stop watch This was for the faster speeds For the slow speeds, 
the rotation of the shaft itself was directly observed, and 10 revolu 
tions were timed with a stop-watch Later the entire arrangement 
was made automatic by means of an electneal arcuit a description of 
which follows 


IV 

Automatic Timing 

The system developed for automatically tunmg the rotational fre 
quency of the sector disc consists essentially of three parts The first 
IS a small angle contact on the shaft of the disc, this contact gives nse 
to one electrical impulse per revolution of the disc The second part 
IS an addmg relay, through the primary arcuit of which these im 
pulses pass, the addmg relay has a commutator on its face so arranged 
that its secondary circuit can be opened for a variable number of 
primary impulses The third part is a Cenco impulse counter (Klop- 
steg, 1929) runnmg on 60 cycle current, this unpulse counter is used 
as a time measurmg device and is controlled through a polar relay by 
the secondary circuit of the addmg relay By this means the time 
occupied by a selected number of revolutions of the disc is automati 
cally recorded m umts of 1/120 of a second 

The range of flicker frequency covered m these experiments is 
from 2 to 60 per second Smee the sector disc gives 4 flicker cj cles 
per revolution, the range of rotational frequency to be measured lies 
between i and 15 revolutions per second Smee the inherent 
accuracy of the time measuring system is 1/120 of a second, the short 
est timmg mterval has to be about one second to achieve an accuracy 
of better than 1 per cent This means that at the highest speeds of 
rotation IS revolutions of the sector disc must be tuned, whereas at 
the lowest speeds only 1 revolution is sufficient It is therefore 
necessary to arrange for a change at will of the number of revolutions 
to be tuned 

In Fig 2, which shows diagrammatically the arrangement of the 
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tuning system, the particular device for selectmg the number of revolu- 
tions to be tuned is the addmg relay AR It is similar to the Cenco 
mterval tuner, but sturdier, and has been modified by replacing its 
pomter and scale with a contact arm and commutator, C The 
contact arm moves 1/100 of the circumference mth each impulse 
through Its coils A hard rubber nng, containing fifty brass segments 



Fig 2 Diagram of \saring and construction of the apparatus made to record 
automatical!} the speed of the sectored disc used to interrupt the light for critical 
frequenn measurements A complete description is in the te\t 


imbedded radially m it, forms the circumference against which travels 
the hardened steel roller at the end of the arm The fifty segments 
are dmded into three circuits One contains every odd fifth, the 
second, every even fifth, and the third, all the other segments Thus 
by joining all the three circuits together we get a contact every tvo 
impulses through the electromagnet, by joining only the first tvo, 
•n e get a contact e\ er>' ten impulses, and by using cither of the first tvo 
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alone we get a contact every twenty impulses The function of these 
contacts is to actuate an ordinary relay, R, which makes the electncal 
impulses generated by the sector disc control the opemng or dosing 
of the tuning arcmt through the polar relay RR An additional 
contact F is put on the armature of the addmg relay AR, to prevent 
arcing at the commutator C 

The complete system may be understood by first foUowmg the 
circmt through the contact DC on the sector disc shaft Beginmng 
at the 110 volt direct current supply, one side of thehne comes through 
one pole of the switch. Si, the vanable resistance n, the milliameter 
AfA, and the contact DC to the armature of the relay R From there 
it can go through either one of two windings on the polar relay PR 
dependmg on whether there is current flowung through the coils of 
relay R or not 

It there is a current through the coils of R, then the circuit from DC 
will go into coil 1 of PR and out through switch St to the other side 
of the hne Starting with the armature of the PR in an open position, 
impulses passing through coil I have no effect since only an impulse 
through cod 2 can dose it 

When, how ever, there is no current through the coils of relay 2J, the 
arcmt from DC divides into two parallel paths One is through coil 
2 of the polar relay PR, causing its armature circuit to be dosed and 
thus startmg the Cenco impulse counter, IC, recording the impulses 
of the sixty cycle current The other path of the circuit from DC is 
through the coils of the adding relay AR, which records the number 
of impulses generated by the contact DC by movmg its arm one 
division per impulse as already described 

The commutator circmt of AR is in senes with the coils of R and its 
power supply Thus the impulses generated by DC control the cur 
rent m the coils of R, which in turn controls the recording of time by 
the Cenco impulse counter by means of PR Switch St may be set 
to record the time interval between 3, 11, or 21 consecutive impulses, 
which then corresponds to the time for 2, 10, or 20 complete rotations 
of the sector disc 

Due to the fact that the duration of the contact through DC vanes 
with rotational speed it is necessary to use a vanable resistance, ri, 
and a milliameter, MA m senes vnth it to regulate the current The 
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miUiameter is a moving iron type of 750 rmUiampere range chosen 
because of its sluggish response The resistance is adjusted so that 
the miUiameter reads between 150 and 200 milhamperes This value 
V as found to be the optimum for all speeds of the sectored disc The 
fixed resistance, ro, merely acts as a current-hmitmg device for R 
To operate the system, switch Sz is closed first, thus startmg the 
motors which actuate the sector disc The observer adjusts the speed 
of the motor to an approximately correct value and signals the re- 
corder The recorder then closes and adjusts n to the correct 
value mdicated by If A The circmt through R is now closed, and 
therefore the impulses generated by DC pass through cod 1 of RR, 
lea\nng the Cenco counter circmt open The observer, after adjustmg 
the speed to the cntical value, signals the recorder who then initiates 
a measurement This is accomphshed by openmg the circuit through 
R b}’- means of key If As soon as the key is opened, the armature 
of rela}'- R is pulled away by its sprmg and the next impulse from DC 
does two thmgs at once It goes through cod 2 of RR which closes 
the Cenco counter circuit and moves the arm oi AR one division 
After this happens K is released smce the commutator circuit is now 
open The following impulses from DC have no further effect on the 
timin g circmt, but the}’’ continue to move the arm of A R one division 
per impulse untd it reaches the next “hve” segment Immediately 
after the last impulse passes, the armature of AR closes the circuit 
through R and the foUovmg impulse from DC passes through cod 1 
of RR which opens the Cenco counter circmt Thus the Cenco counter 
gi\ es directl}^ the time in 1/120 of a second that has elapsed dunng the 
rotations correspondmg m number to the steps between tw’o adjacent 
“In e” segments in the armature C 
The whole system was checked for errors in time mtroduced by 
the vanous relays b}’’ causmg a powerful double-throw’ snap swatch 
to operate another Cenco mten’al tuner simultaneously with the 
complete train of relay's In about two-thirds of the tnals, the whole 
sa-stem was 1/120 of a second slower than the check counter, while 
m the rest of the tnals no difference between the two counters was 
apparent 
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V 

Procedure 

Before beginning work the subject became dark adapted by remam 
mg m the dark room in which the measurements were made For 
observations with the fovea, at least IS mmutes stay m the dark was 
given before operations were begun, which means about 25 mmutes 
of dark adaptation before the first observation was recorded Dark 
adaptation for the fovea is complete m much less time than this 
(Hecht, 1921) For measurements with the penphery of the eye at 
least three quarters of an hour, and most often 1 hour of dark adapta 
tion -was given, before the first readmgs were made This permitted 
complete dark adaptation The measurements were always begun 
at the lowest lUummations, except m the special mstances when only 
the higher frequencies of flicker were being mvestigated Under these 
circumstances only a short period of adaptation was given 
The subject sat comfortably with his bead m a chin rest, and was 
optically separated from the rest of the dark room by a cubicle around 
his head This cubicle was open at the back, but when necessary a 
cloth was thrown over it and over the shoulders of the observer to 
exclude all hght except that which enters his eye through the observa 
tion pupil Later, by proper screenmg of the hght source and by 
encasmg it in a metal housmg, the last precaution became unnecessary 
even at the very lonest lUummations 

With each measurement the subject looked at the field for about a 
mmute before beginiung the settmg The manipulation precedmg 
a decision required at least a mmute, usually more, espeaally at the 
very low lUummations Thus by the time the setting nas made, the 
eye had been observmg the field for at least 2 mmutes, and usually 
for much longer This insured the adaptation of the functional 
retinal region to the intensity under investigation (Lythgoe and 
Tansley, 1929) 

The measurements nere made m one of tvo nays, either by finding 
the mtensity reqmred for the extinction of a predetermined frequency 
of flicker, or by findmg the frequency of flicker which would just be 
extingmshed at a predetermined intensity of lUummation For the 
first method the motor was turned on and regulated until it ran at a 
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chosen constant speed The subject then got ready, and the light 
was turned on The subject controlled the wedge which he now ad- 
justed until the flicker in the center of the field disappeared The 
speed of the sector disc was immediately recorded, as well as the 
position of the wedge The position of the wedge was then changed, 
and after a moment’s rest, the subject again set it so as to extinguish 
the flicker The speed of the sectored disc and the position of the 
wedge were agam recorded Wflien the required number of settings 
had been made for one frequency, the subject rested for about 5 
minutes m the dark, while the motor was changed and regulated for a 
different frequency of flicker The settings were then made as before, 
and the procedure repeated imtil the selected frequencies had been 
investigated This method was used only for the lower intensities, 
particularly with C D V as subject 

For the second method, the wedge and filters were set for a given 
illumination, and by mo vmg a slidmg rheostat, the subject adjusted 
the speed of the rotatmg sector disc until flicker just disappeared 
The remainder of the procedure was the same as in the first method 
The second method as always used at the higher illuminations, in the 
later measurements mth S H as subject, it was most commonly used 
for the lower illuminations as well 

We could detect no difference in the results secured by the two 
methods, and we therefore used them to their best advantage For 
example, as will become apparent in the follomng paper, the critical 
fusion frequency for certain parts of the retina remains constant or 
vanes but shghtly over a large range of intensities Obviously here 
it is better to keep the illumination constant and to vary the motor 
speed 

In the early measurements, especially uith C D V, we made at 
least 5 and often 10 and 15 settings for a given frequency of flicker 
As the subject gamed in expenence, and we gained confidence in the 
measurements, this number was reduced until we were satisfied ivith 
two settings if they agreed wath each other We found no difference 
in accuracy when secunng two readings onI> as opposed to ten or 
more In fact, especiallj with S H , we found fewer readings much 
more desirable since a complete set of readings over the whole in- 
tensiU range could be made at one sitting without any feeling of 
fatigue or strain 
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VI 

SUMMARY 

An apparatus and a procedure are descnbed to measure the cntical 
frequency of flicker usmg different portions of the eye The observer, 
looking through a pupil of fixed dimensions, vievrs a field of 2 ° whose 
illumination is penodically interrupted and which is surrounded by a 
field of 10° whose lUummation is contmuous but otherwise identical 
with the interrupted field Vanous parts of the apparatus are con- 
cerned with controlhng and recording the retinal position of the field, 
its mtensity, its spectral composition, and the frequency of mter- 
ruption of its illumination The procedure is so simplified and regu 
lated that a complete set of readmgs over the whole mtensity range of 
vision can be made at one sittmg without fatigue or strain 
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I 

Present State of Problem 

1 Premotis Work — The cntical frequency at which the visual fu- 
sion of rhythmically produced lUummation takes place depends for its 
value on a vanety of factors The most effective of these is the in 
tensity of the illununation 

The dependence of cntical frequency on illumination was recogmzed 
by Plateau a century ago (1829), and is apparent from the later work 
of Emsmann (1854) and of Nichols (1884), but it was Ferry (1892) who 
first proposed the formulation that the cntical fusion frequency vanes 
duectly with the ioganthm of the intensity ^ FeTry’s published meas 
urements do not support his generalization In a plot of cntical 
frequency against log /, his data, though covermg little more than one 

* A prelurunary report of this ■work was given to the Dutch Ophthalmological 
Soaetj m December, 1930, and appears in the Nederl TtjdscJtr Geneesk April 
25, 1931 p 2274 It wzs reported more full> at the meeting of the Optical Soaet> 
of Amenca m February 1933 and appears m abstract in the / Opt Soc America 
1933 23, 194 

••Fellow (1929-30) of the Donders Foundation (Holland) 

* Ferry s actual statement is that the persistence of vision is inversely pro- 
portional to log I By persistence Ferrv merely means the necessary duration 
of the hght flash alone at the critical fusion frequency The interval is thus equal 
to one half of the reaprocal of the cntical frequency It was generally believed 
that this time interval measures the duration of the retinal impression ” and 
Ferry so construes his data The term is still used by Alien (1926), though Griln 
baum (1898) long ago exposed its absurdities 
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loganthmic unit, form a sharply curved hne convex to the log I axis, 
and bear no resemblance to the results of later investigators 
Adequate measurements of the relation between mtensity and fusion 
frequency were first made by Porter (1902) who used an mtensity 
range of 1 to 50,000 His data fall on two straight Imes mtersectmg 
at an illumination of about 0 25 meter candles Porter’s work was 
corroborated by Kennelly and Whiting (1907), by Ives (1912), and 
by Luckiesh (1914) Ives measured not only white light but also 
colored lights and found that the data for different parts of the spec- 
trum show a dual loganthmic relation similar to that for white light 
The slope of the lines, however, vanes with the wave-length, the upper 
and lower lines varying independently For blue light Ives found 
that the lower hne becomes honzontal AU these pecuhanties of 
slope disappear when a small field is used 
Allen (1919, 192d) has m general confirmed the work of Porter and of 
Ives, but has differed from them by drawing through his measure- 
ments about five short straight lines of different slope instead of the 
usual two In our estimation, the data presented by Allen do not 
justify this treatment, the points appear to he on a continuously curv- 
ing hne The recent work of Lythgoe and Tansley (1929), distinctly 
gives no support to Allen’s multiplicity of straight lines 
Lj’thgoe and Tansley ’s measurements confirm the loganthmic rela- 
tion of intensity to fusion frequency, but Lythgoe and Tansley attach 
no importance to its stnct formulation as done by Ferry, by Porter, 
and by Ives, and consider that their data agree only under certain con- 
ditions vnth the linear relation of cntical frequency to log I The 
same may be said about the measurements of Granit and Harper 
(1930), -who found that for a range of about 1 to 1000 in intensity the 
cntical frequency is very nearly directly proportional to the loganthm 
of the intensity For higher intensities the relationship does not hold, 
and the cur\^e of frequency against log I tends to become honzontal, as 
already found by Grunbaum (1898) 

Recenth Salzle (1932) has measured this relation for the first time 
in an animal other than man He finds for the dragon fly larv'a that 
cntical frequency is a sigmoid function of log I, the curve being nearly 
honzontal at upper and loner critical frequenaes In a paper just 
published, olf (1933) records preasely similar measurements for the 
hone\ bee 
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Of the other numerous observations relating to mtensity and cntical 
frequency, some cover so small a range (e g Pieron, 1922 , Pohkarpoff, 
1926) that no certam conclusions can be drawn from them about these 
vanables, while others deal with the influence of various conditions 
on critical frequency and are not relevant here Parsons, 1924) 

2 Need for the Present Work ■ — In spite of all this work the relation 
between mtensity and critical fusion frequency is not adequately 
known in several important respects In the first place, none of the 
measurements cover a range of intensities sufficiently wide to define 
the relationship over the functional range of the eye, and to include 
very high and very low illuminations As a result of this lack, we 
know almost nothmg about fusion frequenaes below 10 cycles and 
above 40 cycles per second 

In the second place, none of the measurements except those of Ives 
desenbe the real relation between illuimnation and retmal effect, 
because they were all made with the natural pupil, and thus contam 
an additional and uncertain variable The correction of such data by 
means of existmg measurements of the pupil area (Reeves, 1918), al 
ready a dubious procedure smee Schroeder’s (1926) work, has now be- 
come meamngless m terms of the studies on the pupil by Stiles and 
Crawford (1933) 

In order that an adequate theoretical structure may be built for the 
physiology of mtermittent lUummation, it is obviously necessary to 
possess the data in a fauly complete condition We therefore meas 
ured the relation between cntical fusion frequency and intensity for 
different portions of the retma over as large a range of illumination as 
possible, and under such conditions as to render the data reproduable 
and defirative 

u 

Method and Material 

The details of the apparatus and of the procedure which we used for 
this work have, for editonal convenience, been desenbed separately 
in the preceding paper of this group 

All the measurements here recorded were made wnth the nght eye of 
C D V and with the right ej e of S H Wlien C D V was the ob 
server, S H acted as manipulator and recorder When S H was ob 
server, the manipulations and recording were made m the main by Mr 
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IMorton Schweitzer, and occasional!}’' by Mr Sunon Shlaer We wish 
to record here our indebtedness to both these gentlemen for their 
kindness 

m 

Measurements 'tviih the Fovea 

The data which we secured fall mto several groups, depending on the 
ideas which urged us to make them The ongmal measurements of 
Porter, when plotted as critical frequency against log I show two 
straight hues, one of small slope, and contmumg from it, another of 
greater slope In conformity with the duphaty theory (von Knes, 
1929) It is generally supposed that the lower hne represents the func- 
tionmg of the rods, while the upper, steeper line represents the func- 
tion of the cones The transition from the dommance of one system 
to that of the other then corresponds to the region of mtersection of the 
two straight hues, which in Porter’s data comes at a frequency of about 
18 cycles per second 

If this separation of rod and cone function is correct, it should be 
possible to get a more complete cone curve below this cntical value by 
deliberately confimng the measurements to the rod-free area of the 
fo^ ea, and by mamtammg the fixation at this place even below the 
break when the fixation normally would vander to the penphery 
Our first measurements were therefore made with stnctly central 
fixation We used vhite light, and a flickenng area 2° in diameter 
surrounded as already desenbed by a 10° field continuously illumi- 
nated The measurements thus concern that part of the fovea which 
according to Wolfrum (Dieter, 1924) is practically rod-free 

The low est intensity at which readmgs can be taken in this manner 
with the fo\ ea is obnously w ell above the threshold of the rod sys- 
tem It 15 e\ en abo\ e the thresholds of some of the foveal cones as 
well, because we had to choose such an intensity that the slowest in- 
terruption in the illumination w'as clearly visible with central fixation 
This IS verv' nearly 0 01 photons Below these intensities the field 
appears uniformly illuminated with central fixation even when the 
central test area of 2° is completelv extinguished 
The measurements for central fixation were taken over a penod of 
3 months for C D and of a year and a half for S H Fig 1 shows 
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the 176 individual measurements made by S H Each settmg is 
separately recorded so as to give an idea of the reproduabihty of the 
observations In this respect, the measurements of C D V are 
exactly like those of S H , but about three times as numerous, and 
thus more difficult to plot similarly m one figure It is clear that 
the measurements, though protracted over a long period of time, are 
concordant and describe a real relabonship m the eye They may 
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Fig 1 Critical frequency function of the rod free fovea as influenced by the 
illumination Data for S H recording the 1^6 separate measurements The 
curve IS the same one as drawn through the a\crage data in Fig 2 

therefore be averaged in groups to record this relationship The data 
so averaged are given in Table I and in Tigs 2 and 3 The line 
drawn through the unaveraged, individual measurements in Fig 1 
IS the same as the one drawn through the average data of Fig 2, and 
shows that the process of averaging has merely served to smooth the 
data without m the least distorting the relationship which they 
describe 
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The data indicate that the direct loganthmic relation between 
intensity and critical frequency holds for the middle region of inten- 
sities, but that the complete relationship is more nearly sigmoid, the 
S shape being quite drawn out Two aspects of the data require 

TABLE I 


Critical fusion frequency (cycles per second) for white light at various retinal 
illuminations (photons) Test field 2° in center of fovea Surround 10° 


Risht cje S H 

Right eye C D V 


No of 

Retinal 

Critical 

No of 

Retinal 

Critical 


readings 

illumination 

frequency 

readings 

illumination 

frequency 

Normal 

10 

0 0131 

4 59 

30 

0 0105 

3 95 


4 

0 0219 

6 75 

22 

0 0207 

6 14 


10 

0 0424 

9 59 

21 

0 0328 

8 51 


8 

0 0834 

12 55 

35 

0 0635 

11 70 


10 

0 184 

15 55 

25 

0 161 

15 00 



0 391 

19 63 

23 

0 440 

19 86 


12 

1 02 

24 39 

32 

1 34 

25 82 


14 

2 43 

29 18 

33 

7 18 

33 98 


15 

5 79 

32 15 

29 

19 8 

38 64 


20 

18 0 

37 64 

40 

56 8 

44 13 


20 

42 7 

42 43 

48 

129 

47 38 


13 

124 

44 96 

35 

334 

50 40 


10 

321 

44 70 

35 

698 

52 87 


9 

638 

44 68 

22 

1803 

52 00 


13 

1832 

41 66 

25 

3556 

52 15 





28 

6039 

51 03 

No flicl cr on 

10 

490 

50 3 




■slight shift 

5 

1585 

51 3 





12 

4571 

48 0 




Rapid read- 

5 

120 

41 7 




mgs 

3 

331 

40 7 





2 

1000 

39 4 





3 

1950 

37 5 





special consideration first, the slope of the middle portion and second, 
the k\clhng-ofT and decrease of the cntical frequency at the highest 
illumnations 

In the range of intensities between about 0 1 photons and 100 
photons the data when plotted as in Figs 2 and 3, he wath extra- 
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ordinary precision on a straight line In this respect we can confirm 
Porter, Ives, and the other workers The slope of this hne is 11 1 for 
C D V,andllOforS H 

We may stnctly compare our measurements with those of Ives 
(1912 and 1922), the only previous worker who used a pupil of fixed 
dimensions The slope of Ives’ 1912 data is 11 2, whereas for his 
1922 data it is 10 0 The slope of the upper portion of Porter’s data 
is 12 4 Kennedy and Whitmg’s slope is 11 0 Luckiesh’s slope as 
pubhshed is 5 6, which is an extraordmanly low value Most sec- 
tored wheels are constructed to give 4 cycles per revolution, and it is 
quite possible that Luckiesh erred in multiplying his motor frequencies 
by 2 and not by 4 to give cycles per second His pubhshed slope, 
when multiphed by 2 gives 11 2 The same holds for Granit and 
Harper whose slope appears to be 5 5, but whose values must clearly 
be multiphed by 2 to record cycles per second and not motor fre- 
quencies Their slope is therefore 110 Lythgoe and Tansleys 
data for the fovea contain 3 or 4 pomts m this region of the curve 
For their only observer who was tramed m visual work (R L ) these 
pomts are regular and show a slope of 11 0 For their two untrained 
observers the pomts are irregular, but they seem to show a slope of 
about 9 0 Allen’s (1926) measurements give a slope of 8 6 for yellow 
hght of 570 m/i, which on the basis of general expenence, may be con- 
sidered the same as for white hght Thus most observers record 
values between 9 and 12, with a preponderance of 11 These vana- 
tions do not seem to be connected with any obvious experimental 
conditions like pupil area, binocular observation, or size of field ^ 

Little need be said about the data below 0 1 photons The critical 
frequency continues to decrease as log I decreases formmg a gentle 
cur\'e convex to the axis of abscissas, and stoppmg fairly abruptly 

- The measurements •mth'nhite light here recorded ^\e^e terminated for C D V 
in 1930 and for S H earl\ m 1932 Recentlj , i e about a year after the senes 
v.as termmated, measurements -nith white hght, with foveal fixation, and with the 
identical apparatus ha\ e been made b> S H wath the starthng result that the 
slope of the data is now nearh 10 0 instead of 11 0 It is significant also that Ives 
in later pubhcations (I\ es, 1922) shows a similar change in slope from 11 2 to 10 0 
for white light Ob\aousl\ there are unknown factors which seem to mfluence 
the ^•alue of the slopie 
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when with central fixation the field appears uniform even when the 
test area is extmguished 

At the highest intensities the relation between cntical frequency 
and log I rapidly ceases to be linear As the intensity is raised a 
maximum cntical frequency is soon reached, beyond which a further 
increase in intensity results m no further mcrease m cntical frequency, 
rather it results m a decrease The maximum cntical frequency comes 
at about 500 photons for S H and at about 1000 photons for C D V 
The value of the cntical frequency at this maximum is 53 cycles per 
second for C D V and 45 cycles per second for S H With a further 
increase in the mtensity, the cntical frequency distmctly decreases 
At first we were skeptical about this, and therefore made many meas 
urements m order to be certam of it 

In the course of these observations at the higher intensities w e tned 
two vanations in the technic for sccunng the data already given In 
the first, the procedure was hke that heretofore used, except that the 
end point for the extmction of flicker was considered reached on pro 
longed observation only when no flicker was apparent even on a shght 
shift in fixation The data, shown m Table I indicate that by this 
rather undesirable criterion the cntical frequency is raised consider 
ablj In the second procedure, ngid fixation nas maintained as 
usual, but the readings were made as rapidlj as possible, say in about 
30 seconds, thus preventmg the complete adaptation of the eye to the 
experimental intensity The data, also gn cn in Table I, show clearly 
that madequate hght adaptation decreases the cntical frequency, a 
fact already evident from the work of Lj thgoe and Tansley The 
significant thmg about these data, is that in common with the pro 
cedure normally used, they show a maximum cntical frequency and a 
dechne at the highest intensities 

Considered as a whole, the foical measurements defimtely bear 
out the general notion advanced to account for the abrupt change in 
slope in the ongmal data of Porter and m the subsequent measure 
ments of Ives This is t' t the steeper part of the data represenU 
the function of the cones, and the less steep part represents the par 
tiapaUon of the rods When, as has been done b> us, the meas- 
urements are confined to the fovea, in an area which is practically 
rod free, only one conUnuous relaUonship appears between cntical fre- 
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quency and intensity over the whole range, and it is to this relationship 
that the cone portion of previous investigators clearly corresponds 

TV 

Measurements with the Periphery 

The correctness of this conclusion becomes even more apparent 
when the measurements are made with regions of the retina outside 
the fovea centrahs We measured the cntical frequency for white 


TABLE II 


Critical fusion frequenej^ (c 3 'cles per second) for white hght at various retinal 
illuminations (photons) Test field 2° placed 5“ above center of fovea Surround 
10 ° 


Right ej e S H 

Right c>c C D V 

No of 

Retina! 

Critical 

No of 

Retinal 

Critical 

readings 

illuinination 

frequencj 

readings 

illumination 

frequency 

4 

0 000166 

3 50 

11 

0 000258 

2 53 

2 

0 000491 

5 64 

9 

0 000518 

4 59 

4 

0 00134 

7 31 

7 

0 00185 

6 80 

4 

0 00710 

8 51 

5 

0 00698 

8 90 

2 

0 0138 

8 97 

12 

0 0276 

9 21 

5 

0 0264 

8 25 

12 

0 239 

9 67 

4 

0 0514 

7 70 

12 

0 764 

14 80 

6 

0 146 

9 41 

7 

2 98 

19 90 

6 1 

0 968 

15 32 

10 

7 93 

25 20 

6 

3 66 

19 70 

13 

24 2 

30 16 

7 1 

16 5 

26 66 

11 

448 

37 10 

4 

138 

34 70 

' 8 

2118 

36 00 

5 

514 

34 96 




5 

1954 

31 70 





light vith the same set-up as before but with fixation at 5° above the 
center 15° abo\e the center, and 20° above the center The data 
thus concern a retinal test area of 2° diameter having a surround of 
10° and situated at 5°, 15°, and 20° above the center of the eye 
The data for 5° above the center are given in Table II and Fig 2 
for S H and in Table II and Fig 3 for C D V In all essentials the 
two sets of measurements agree At the lowest illumination the 
cntical frequenev nses verv distinctlv with log I As the intensity 
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reaches about 0 01 photons, the critical frequency ceases to increase, 
and remains approximately constant over a range of 1 2S logarithmic 
umts 

For C D V this plateau is horizontal within the accuracy of the 
measurements, for S H the plateau has a shght, but chstinct undula 
tion The undulation is not a product of averaging the data It 
appears in every set of measurements made by S H , and occasionally 
in those of C D V Examination of the data of I\ es shows the pres 
ence of such an undulation in the measurements for blue hght at lower 
intensities, where Ives supposes the relation between cntical frequencj 
and log I to be horizontal, it is also apparent m some of the data of 
Lythgoe and Tansley 

The plateau in our data contmues till about 0 2 photons, after which 
the cntical frequency nses with log / It continues to nse until 
it reaches a maximum at about 400 photons, after which it decreases 
as the intensity increases 

Tigs 2 and 3 show that the data for 5° off center clearly fall into 
two parts The first is at low mtensities, where the cntical frequency 
first nses with log I and then reaches a maximum which is appron 
mately maintained The intensity range covered by this nse and 
plateau is about 3 25 loganthrmc urats The second part also begins 
with a nse in cntical frequency as fog / increases, and also femunates 
when the cntical frequency reaches a maximum, and then declines 
The intensity range covered by the second part is about 4 loganthmic 
umts 

For the low intensity nse of cntical frequency, the slope of the data 
IS 5 0 for C D V , and 4 S for S H There are only three points each 
available for these determinations, but the points are well established 
For the high mtensity nse in cntical frequency the slope of the data 
IS 10 5 for C D V and 8 5 for S H The slope for C D V is thus 
only shghtly less than for the fovea, whereas for S H it is distinctly 
less for the 5° fixation than for central fixation 

The only measurements with which we can compare ours are thos 
by Lythgoe and Tansley, who made a spcaal point of dctcrimning th 
slope of their data at the higher illuminations for a 1 field placed 
penpherally Their two observers give slopes of 14 4 and 11 / 
spectively Lythgoe and Tansley state that the slope roniuns 
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same for all parts of the retma, and indeed give the slope for one ob- 
server at 50° off-center as 1 1 7 Their other data {cf especially their 
Fig 12) distinctly do not bear out this conclusion, but indicate in- 
stead a higher slope for the penphery than for the fovea This differ- 
ence between their and our data may be due to the difference in size of 
surround ours covered 10° whereas theirs covered the whole eye 
This may account also for the rather high values of the cntical fre- 
quency found by them for the penphery 

TABLE ni 


Critical fusion frequency (cycles per second) for wliite light at various retinal 
illuminations (photons) Test field 2 ° placed 15° above center of fovea for S H 
and 20° above center for C D V Surround 10° 


Right c>cSH IS' above center 

Right c>eCI)V 20“ above center 

No of 

Retinal 

Critical 

No of 

Retinal 

Critical 

readings 

illumination 

frequency 

readings 

illumination 

frequency 

1 

2 

0 0000551 

2 62 

9 

0 000109 

2 65 

3 

0 000205 

5 33 

9 

0 000194 

4 44 

2 

0 000760 

9 61 

9 

0 000402 

6 08 

2 

0 00577 1 

9 31 

9 

0 00104 

8 10 

2 

0 0214 

9 14 

8 

0 00258 

9 04 

2 

0 0796 

8 43 

8 

0 00887 

9 26 

2 

0 551 

10 15 

7 

0 0209 

9 44 

2 

2 05 

11 45 

9 

0 0678 

9 63 

2 

7 60 

15 05 

9 

0 218 

9 81 

2 

57 7 

18 05 

9 

0 726 

11 30 

3 

214 

17 63 

9 

1 52 

14 83 

2 

796 

17 05 

9 

3 24 

18 00 



! 

5 

7 78 

21 00 




15 

21 1 

22 06 




13 

144 

22 60 


1 


9 

3319 

22 10 


The nev element contamed in our measurements of the penphery 
is the e-astence of two separate parts to the relationship between 
cntical frequenG}” and intensity The measurements with the test 
field farther out m the penpherj' confirm and extend these findings 
The data for a retmal test area of 2° with a 10° surround placed at 15° 
aboxe the center are gi\en in Table III and Fig 2 The data for a 
smular area placed at 20° abo\ e the center are given in Table III and 











SELIG HECHT AND COKNELIS D VEjaUJP 


263 


Fig 3 The data show the same division into two parts, each with a 
nse of critical frequency versus log I and subsequent plateau as do 
the data already given for a 5° penphera! displacement 
The slope of the nse at low intensities is 6 1 for C D V and 6 0 
for S H The slope for the nse at the higher mtensities is 9 6 for 
C D V and 7 0 for S H Agam the value for C D V is not very 
much below that for the fovea, whereas that for S H is distinctly less 
The plateau for the 1S° and 20° off center measurements is about 
0 75 log units longer than for the 5° off center data This is because 
at 15° and 20° the low values of the cntical frequency occur at lower 
mtensities and the high values occur at higher mtensities than at 5° 
off center We are quite certain of this broadening out of the curve 
at low and high mtensities for the more penpheral positions because 
we made special measurements to test this pomt We do not record 
these special measurements here because they merely corroborate 
those already given m the tables and figures 

V 

Vanous Quadrants 

The results we secured with penpheral stimulation seemed so 
stnkmg, and yet so dear m their significance that we wished to be 
certain of their general vahdit}' over the retina The peripheral data 
so far reported deal with regions above the fovea We therefore mea 
sured the relation between cntical frequency and illumination for the 
same test area and surround as before, but placed 5° penpherally m 
the four pnnapal directions up, down, nasal, temporal 
The data for C D V are given in Table IV and m Fig 4 Each 
group represents only one set of measurements made m a day Each 
pomt IS thus the average of two or three concordant readings It is 
apparent that the essential phenomenon recorded is a general one, 
smee the data all show the same division into two parts, with a nse 
and a plateau for each part 

Certain detafls are to be noted in which the four directions differ 
The height of the low intensity plateau seems to increase in the follow 
ing order temporal, nasal, down, and up The two horizontal posi- 
tions have the same slope for the high intensitj nse, its value is S 7, 
and it IS therefore less than the up position which as before is 10 4 
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TABLE IV 


Cntical fusion frequenc}' (cycles per second) for white light at various retinal 
illuminations (photons) Test field 2° placed 5° away from center in four different 
directions Right e\e of C D V Surround 10° 


Nasal 

Temporal 

Down 

Up 

Retinal 

illumination 

Critical 

frequency 

Retinal 

illumination 

Cnbcal 

frequency 

Retinal 

illumination 

Critical 

frequency 

Retinal 

illumination 

Critical 

frequency 

0 000372 

2 20 

0 000372 

2 24 

0 000438 

1 93 

0 000310 

2 50 

0 000S73 

4 24 

0 00163 

4 84 

0 000693 

4 08 

0 000647 

4 24 

0 00381 

6 88 

0 00604 

5 76 

0 00145 

5 80 

0 00214 

6 32 

0 00980 

6 96 

0 0219 

6 68 

0 00418 

7 40 

0 0163 

8 92 

0 0276 

7 48 

0 0662 

6 88 

0 0142 

7 84 

0 0235 

8 28 

0 0662 

7 40 

0 200 

8 68 


7 96 

0 289 

10 4 

0 103 

7 40 

0 317 

10 7 

DM 

8 28 

0 491 

12 4 

0 159 

9 08 

0 873 

14 8 


10 5 

1 38 

16 8 

1 05 

15 2 

3 99 

19 9 

mSEM 

15 2 

6 18 

24 2 

4 80 

20 3 

15 5 

25 0 

1 59 

19 7 

19 5 

29 4 

38 1 

29 6 

56 4 

30 3 

5 02 

23 8 

28 3 

29 8 

276 

35 1 

276 

36 2 

IS 2 

30 3 

1589 

34 8 





41 8 

36 4 







276 

37 7 








37 4 







4375 

36 0 





Ref/na/ ///c/m/naf/on phof^ons 

Fir 4 Data for C D \ showing relation bctuccn critical frequenc\ and log / 
for white light for 5° off center in the four pnnapal retinal directions 
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Moreover the down position data show a slope of 12 0 which is dis 
tinctly greater than that of the up position and of the fovea Very 
likely these variations in detail represent vanations in structure at 
which we can only guess in our present knowledge Possibly they are 
related to the population density of the elements in \anous parts of 
the retma 


VI 

Slruclural Inlerprelalwn 

The general relations among the data are apparent when they are 
considered all together as in Figs 2 and 3 Their interpretation in 
terms of the well known histological composition of the retina is 
immediately obvious 

The data for the fovea are represented by a smgle relationship be 
tween cntical frequency and illummation Smce there are almost no 
rods in the foveal area used for the measurements, the central fixation 
data must surely record the behavior of the cones of the fovea 

The data for the penphery are represented by two separate rela 
tionships between cntical frequency and lUummation The part at 
the higher illurmnations resembles the foveal curve m appearance, 
and for the 5° eccentnc field, has practically the same slope Clearly 
this portion also represents the behavior of the tones Moreover, the 
portion of the penpheral data at low illumination is apparentlj a 
distmct and complete relationship, and does not appear in the foveal 
curves The obvious conclusion here is that the nse and the plateau 
at low illuminations represent the function of the rods 

These conclusions are strengthened by the fact that as the measure 
meats are made farther in the penphery, the low mtensity plateau be 
comes longer, and therefore the separation between the nse at low 
intensities and the nse at high intensities becomes greater Thus the 
rod system becomes more sensitive and the cone system less sensitiic 
as the measunng area moves from the center farther into the pe 
npheiy This is in keeping ivith the anatomical increase in number 
of rods and the converse decrease m cones as one proceeds along the 
retma toward the penphery 

Alt our data and their structural interpretation arc thus stnctly m 
line with the knowledge and ideas embodied in the dupliaty theory 



266 


INTEILMITTENT STIMULA.TION BY LIGHT in 


(von Knes, 1929) which functionally separates the anatomically dis- 
tmct rods and cones, and places the dominance of the rod system at 
low illuminations and the dominance of the cone system at higher 
lUurmnations It will be shown in a later paper of this series how 
this descnption of the data is further borne out by work with colored 
lights (cf Hecht and Vernjp, 1933) 

vn 

SUMMARY 

WTien measurements of the cntical fusion frequency for white hght 
over a large range of intensities are made with the rod-free area of the 
fovea, the relation between cntical frequency and log I is given by a 
single sigmoid curve, the middle portion of which approximates a 
straight hne whose slope is 11 0 This single relation must be a func- 
tion of the foveal cones 

\ATien the measurements are made with a retinal area placed 5° 
from the fovea, and therefore containing both rods and cones, the 
relation between cntical frequency and log I shows two clearly sepa- 
rated sections At the lower intensities the relation is sigmoid and 
reaches an upper level at about 10 cycles per second, which is main- 
tained for 1 25 log units, and is followed by another sigmoid rela- 
tionship at the higher intensities similar to the one given by the rod- 
free area alone 

These tvo parts of the data are obviously separate functions of the 
rods at low intensities and of the cones at high intensities This is 
further borne out by similar measurements made with retinal areas 
15° and 20° from the fovea where the ratio of rods to cones is anatom- 
ically greater than at 5° The two sections of the data come out 
farther apart on the intensity scale, the rod portion being at lower 
intensities and the cone portion at higher intensities than at 5° 

The general form of the relation between cntical frequency and 
intensiU is therefore determined by the relative predominance of the 
cones and the rods in the retinal area used for the measurements 
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I 

The Essence and Location of Flicker Changes 

In the intermittent stimulation by light the outside agent alternates 
abruptly between zero and the particular maximal intensity When 
the frequency of this alternation is suffiaently low, the difference be 
tween these extreme conditions is completely perceptible m sensation 
the bnghtness during the hght penod is maximal, and during the dark 
period it IS zero As the alternation frequency increases, the two 
sensations become less sharply delimited m tune and less clearly sepa 
rated in mtensity the hght period loses in bnghtness, and the dark 
penod gains in bnghtness The more frequent the altcmaPon, the 
less IS the difference between the successive sensations, and when the 
frequency is suffiaently high the difference between the successive 
sensations vanishes so that the outside fluctuatmg hght appears con 
tinuous This shows that it is the time factor which is important 
in the transformation of external physical discontinuity into internal 
sensory continuity 

The three places where this transformation may concenably take 
place are the retina, the conducting paths, and the brain Of these, 
the conducting mechamsm may be quickly eliminated All the mod 
em work shows that if an optic nerve were supphed with a group of 
impulses sharply separated from, and rapidly alternating with a 
penod of no impulses, it could maintain the separation of the two 

* Fellow (1929-30) of the Donders Foundation (Ilollandl 
2S9 
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penods even at a frequency of 50 cycles per second However, in 
flicker the optic nerve receives no such sharply delimited alternation 
of phases Adnan and hlatthews (1928) found that in the eel’s 
eye the impulses along the nerve show no penodic changes for a fre- 
quency of mtenmttent retinal illumination as httle as 5 cycles per 
second at low intensities, even though the nerve cames groups of 
impulses occumng three times as frequently at higher lUummations 
Thus while the brain may be responsible for a part of the transforma- 
tion of mtenmttent illumination mto contmuous sensation, it is cer- 
tain that most of this transformation has aheady been accomphshed 
in the retma 

This conclusion is supported by other considerations Bnghtness 
is probably determined b}'’ the number of impulses per unit time which 
reach the bram from a group of related retinal elements Differences 
m the sensation of bnghtness can therefore be produced by differences 
in the number of elements which function in a given group and by 
differences in the frequency of impulses coming from each continuously 
functioning element 

If the determining factor is the number of functional elements, 
recognition of flicker means such a fluctuation in the condition of the 
retina that dunng the hght and dark phases of the flicker cycle a 
cntical number of elements of marginal thresholds in a given group 
alternately function and cease to function Fhcker then disappears 
when the amphtude of fluctuation is below' that required to set off 
and on these elements of marginal threshold A similar condition 
obtains if the determinmg factor is the frequency with which a group 
of elements discharge impulses to the brain In either case the con- 
trolhng influence is in the retina 


n 

The Data of Flicker 

Before considenng the possible events in the retina which may be 
concerned in flicl cr v e wash to summarize the essential facts in this 
field This 15 necessary' in order to la> do.’-n the minimal require- 
me’its for any theoretical treatment of the subject 

'Ine first fact concerns the phv-siological effectneness of inter- 
mittent stimulation b\ hght when the frequenev is above the cntical 
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frequency, that is, when flicker has disappeared This is descnbed bj 
Talbot’s law (Talbot, 1834) which states that the brightness under 
these arcumstances equals the original steady bnghtness multiphed 
by the fraction which the actual duration of illumination is of the total 
duration of a complete cycle of hght and dark In other nords, a 
reduction in the tune of action of the hght is eqmvalent physiologically 
to a corresponding reduction m its mtensity The endence has been 
presented m the first paper of this senes (Hecht and Wolf, 1932) and 
is denved from a sufficient vanety of sources and animals to render 
certam the vahdity of Talbot’s law 

The second group of facts deals with the influence of the intensity of 
illummation on the cntical frequency The details have been pre 
sented m the precedmg paper of this senes The relation between 
cntical frequency and log I is sigmoid in form for both rods and cones 
The maximum cntical frequency for the cones is about SO cycles per 
second, that of the rods about 10 cycles per second The slope of 
the central part of the relationship is about 11 for the foveal cones 
and about half as much for the rods The slope for the penphcral 
cones IS about the same as for the foveal cones, but seems to varj for 
different persons and for different retinal positions Also for a given 
illumination the cntical frequency depends on the stimulated retinal 
area (Gramt and Harper, 1930) 

The third set of data are concerned with the relation of cntical fre 
quency to the condition of the eye Schatemikoff (1902) found that 
the cntical frequency dechnes regularly and concomitantly with the 
dark adaptation of the eye This has been confirmed by Lythgoe 
and Tansley (1929) who showed m addition that the cntical frequencj 
rises dunng light adaptation 

The fourth fact, found by Porter (1902) and corroborated b> Ives 
(1922), is that for a giv cn illumination the cntical frequency is a max 
unum when the light and dark penods are approxunatcly equal, and 
declines as either becomes significantly longer than the other 

m 

Prcious rormulattons 

No cxistmg theoretical treatment supplies a sjmthesis of these 
facts The ideas of Tick (1863), S Einer (1870), and K Exner (1870), 
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though adequate in themselves, were concerned only with Talbot’s 
law and antedate the knowledge contnbuted by Porter of the relation 
between cntical frequency and log I Troland’s formulation (1913) 
IS probably soimd m that it uses the idea of a reversible sensoiy sys- 
tem However it is too general to be of use with a set of data Lasa- 
reff’s denvation (1926) also relies on a reversible sensory system and 
furmshes a descnption of Schatermkoff’s data on the influence of dark 
adaptation, and of the usual loganthmic relation between mtensity 
and cntical frequency Lasareff’s treatment omits Talbot’s law, as 
well as the relation between hght and dark ratio and frequency, and 
we have been unable to understand it sufficiently well to test its 
application to these properties of flicker 
Ives’ "theoiy of mtermittent vision” is the best and most concrete 
effort at including aU the data existing at the time (1922) Ives 
assumes three steps in vision The first is a reversible photochemical 
reaction of '‘such a nature that the eqmlibnum value under steady 
illummation is proportional to the loganthm of the stimulus,” the 
second step consists of a diffusion process according to the Founer 
diffusion law’, the purpose of which is to account for the conduction 
of the substance formed durmg the first step, the third step involves 
the perception process “m w'hich the cntenon for perception is that 
the tune rate of change of the transmitted reaction must exceed a 
constant cntical \alue ” The fairly complex mathematical develop- 
ment of these ideas jaclds Talbot’s law, the loganthmic relation, and 
the relation betw een hght and dark ratio and cntical frequency 
We find three difficulties m adopting Ives’ treatment First, Ives 
deals wnth the important loganthmic relation between intensity and 
photochemical effect merely by assuming it Second, the loganthmic 
relation betw een intensity and cntical frequency does not follow even 
from this assumed photochemical formation but results from the char- 
acter of the diffusion of the photoproducts postulated in the second 
step I\ cs, himself realizes the difficulty of placing such major theo- 
retical emphasis on this diffusion or conduction process Third, even 
after accepting these two steps, one finds that the slope of the line 
rcla ting log 7 and cntical frequency' does not come out from the theory, 
but IS a \alue to be taJ.cn from the data 
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TV 

PJ^tochemical Derivation 

Because of these inadequacies in existing theory we propose to de- 
velop some ideas of our own with regard to flicker The equations 
to be derived follow from the simple properties of the very first step 
m photoreception, and involve neither a special logarithmic assump 
tion between intensity and photochemical effect, nor a second “con 
duction” process 

We wish exphatly to state that we consider our treatment only as a 
first approximation The retma is a comphcated structure, and not 
enough is known about it to furnish the material for an adequate 
formulation of so complex a phenomenon as flicker However, no 
matter what else occurs m the retma, the very first step m vision must 
mxolve a photochermcal change havmg certain fairly well defined 
charactenstics (Hecht, 1931) Since the products of this photo 
chemical change serve only to start the comphcated tram of events 
which finally yield a senes of impulses in the optic nerve, it cannot be 
expected that the behavior of the photochermcal sjstem alone will 
yield a complete descnption of the receptor process Nevertheless, 
because quantitative ideas are available m photochermstry it is neces 
sary to discov er how far this very first photochemical transformation 
can go m charactenzmg the photoreceptor process as a whole In 
the present mstance it is mstructive and important to point out that 
the following study of this very first step m its relation to interrmttent 
illummation already shows it to possess many of the essentially quan 
titative properties of the physiology of flicker 

We start with the famihar assumption (Hecht, 1931) that the first 
step m the photoreceptor process is a reversible photochemical re- 
action The hght changes a sensitive substance mto two products 
which start the senes of events ending m a nerve impulse, and which 
can recombme to form the onginal sensitive substance according to 
an ordinary “dark" reaction Following well accepted photochemical 
ideas, the \ elocity of the reaction as a whole as it proceeds under the 
influence of hght may be wntten 


^ - t.rto - *) - 

SI 


( 1 ) 
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where I is the intensity, a the initial concentration of sensitive material 
and X, the concentration of photoproducts In the absence of light 
only the “dark” reaction goes, and the equation 


gives the rate at which it forms the photosensitive material 
In intermittent lUummation these two reactions alternate rapidly, 
and at the disappearance of flicker, they form a steady state m which 
what has been decomposed dunng the light penod is regenerated 
during the dark penod The time occupied by each light or dark 
exposure is Af, and is ver}'- short when flicker disappears Therefore 
the velocity dx/di may be considered constant, and equal to Ax/ At, 
where Ax is the change in concentration of photoproducts occurring 
between the beginnmg and the end of each exposure Since the hght 
and dark penods in these experiments are of equal duration, these 
tvo velocities are equal On equating them we get 



where K = ki/k2 This is Talbot’s law for equal light and dark 
penods 

For the cntical disappearance of flicker it is supposed that Ax = c' , 
that IS, that the fluctuation Ax m the chemical concentration of photo- 
products IS constant at a \alue c' vhich is just too small to cause the 
physiological change corresponding to a perceptible change in sensa- 
tion of bnghtness * The cntical frequency is n cycles of light and 

' This IS a special form of the assumption which has run through mucli of the 
theoretical work with the photoreceptor process (Hecht, 1923, 1931) However, 
we ha\e also tned a deri\ation which assumes that flicker disappears when Xx 
becomes less than a corslai t fraction of x This is equivalent to writing that Ax « 
I'x, whe'-e /' is a constant The remaining development is similar to the one 
given in the text As above, > = l/2x', v hich gives from equation (2) that 
r = 2/ 'r tz Thi^ when substituted in equation (3) vaelds 



, I _ i, 2/ Lq„’t'an (Sa) l obvu-i-I idf’atic-’J in {arm i ith equation 
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dark flashes per second Thus » = iM Subst ituting these values 
of Ax and of At in equation (2) and putting = c, we get 

I •> c Vb (4) 

as the relation between cntical frequency and mean concentration of 
photoproducts m the reversible photochemical system If now we 
put this value of x mto equation (3) of the steady state the result is 



which should describe the dependence of critical frequency on in 
tensity, m a smgle homogeneous system such as a rod or a cone In 
equation (5) a as usual is put at 100 per cent, while K and c are con 
slants to be found from the data themselves It is apparent that c 
IS 100 divided by the square root of the ma.ximum value of n, while K 
determmes the position of the data on the ans of abscissas 

V 

Numencal Compartsons 

Figs 1 and 2 show the relation of equation (S) to the data of cntical 
frequency secured by ourselves and presented in the preceding paper 
of this group Consider first the measurements made with the rods 
located in the retinal area 5° above the center of the eye For S H , 
if we make A = 1 400,000 and c = 33 9, equation (S) becomes 20,600 
I = «/(2 95 — \/n), which is the hne drawn through the rod data in 
Fig 1 Similarly for C D V if A = 500,000, and c ■= 32 4, then 
equation (5) becomes 7720 I = «/(3 08 — V^, which is the line 
through the rod data in Fig 2 The adequacy of equation (5) as a 
descnption of the data shows that the flicker function of the rods bc- 


(3) We hive appUed it to the data and find that though not vcrj different from 
equation (5) it is less adequate as a representation of the data even in a modifica 
tion comparable to equauon (6) For the lower intensities of the cones it jields 
values of « which are somewhat too high more so than those dented from equa 
Uons (5) and (6) Equation (So) and its denvauon is preferred b> C D V 
whereas S H prefers the one given m the teiL 
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haves as if it were controlled by the initial photochemical process in 
photoreception 

The flicker function of the cones, hoivever, is not to be descnbed 
quite so sunply The mam difficulty concerns the slope of the middle 
portion of the data for which equation (5) }uelds a value too large by a 
factor of about 2 Considering the variation which this slope shows 
m the measurements for different retmal positions and the uncertainty 
of the precise structural factors which determine this vanation, we 



Tig 1 Theoretical representation of data of critical frcquencj for S H gnen 
in the preceding paper of this senes The cun.e through the low intensit> section 
of the 5° ofl-ccnter data is drawn from equation (5) whereas the other two curves 
are drawn from equation (6) The specific values of the constants are given in 
the text 

hove refrained from making any fundamental changes m the denva- 
tion of equation (5) for use vath the cones Instead v e hav c adopted 
a purcK arbitrarv' method of correcting for the slope b> attaching 
an exponent a to the mtcnsiU / Equation (5) then becomes 
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which may now be used to compare with the data We shall con 
sider the possible meamng of a m a moment 
For the S H data of 5° off-center, if we put K = 228, a = 0 55, 
and c = 16 44, then equation (6) becomes 6 93 /»« = »/(6 08 
which IS the curve drawn through the 5° cone data m Fig 1 In the 
same way for C D V , if we put K = 213, or = 0 50, and c = 15 81, 
then equation (6) becomes 6 74 I" “ = n/(6 33 — Vn) which is 
drawn through the 5° cone data m Fig 2 For the fov eal data of S H 



-3 -2 -/ O / 3 3-^ 

^efma/ ///ummat/on-' foy I- photons 

Tig 2 Theoretical representation of data of cnucal frcquenc) for C D V 
taken from the precedmg paper of this senes The carve through the low inten 
sity secUon of the 5° off<enter data is drawn from equation (S), the other two 
curves are drawn from equation (6) The specific values of the constants ire 
guen m the text 

the curve in Fig 1 has the equation 11 72 “ = k/(6 93 — \tii) de 

nved by taking Tv — 338, 0 - ~ 0 52, and c » 14 43 For C D V the 
curve through the foveal points in Fig 2 has the equation 9 15 1" “ <= 
h/(7 48 — i/k) secured bv taking K ■= 244, a = 0 44, and c = 13 36 
We may therefore conclude from the numencal compansons be 
tween the data and the theoretical denvation that the first step in 
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photoreception considered as a reversible photochemical reaction is 
able to furnish a first order descnption of our flicker data 

VI 

Dmalious from Theory 

There are two aspects in \\hich the data appear to de\uate from so 
simple a formulation The first is the down-turn of the cntical 
frequency at the veiy highest retmal illuminations These are of 
almost blinding bnghtness, and work at such intensities frequently 
has the unpleasant consequence of headache and persistent after- 
images Disturbances of function are therefore not unexpected and 
ma}’’ have their ongms m vascular or other changes not immediately 
rele\ant It is for this reason that the cone theoretical curves in 
Figs 1 and 2 have been made to terminate higher than do the data 
Possibly also this do\\'n-turn is related to the processes vhich normally 
follow and are controlled by the photoproducts (Hecht, 1931), 
(Adnan and jNIatthews, 1927) Catenarj^ systems of this kind tend 
to prolong the effects of the light penod at the expense of the dark 
penod, and at very high illuminations would require the frequency 
to be reduced in order that the dark penod may become perceptible 

The second deviation from simple theoi^’’ concerns the slope of the 
middle part for the cones, A\hich is corrected by the exponent a 
A possible explanation of the differences m the slope concerns the 
threshold distnbutions of the sensory elements and their connections 
(Lucas 1905, Toy, 1922, Hecht, 1928) The photochemical denva- 
tion is for a homogeneous system, and applies to a given ceU or to a 
number of cells of identical properties Howe\cr, if these cells and 
their connections, though actuated by the same photochemical 
se-stem, nevertheless possess different discharge thresholds, then their 
flicker function mav require a new factor for its de'scnption 

Perhaps the simplest and most adequate explanation of the ncccs 
sity lor the exponent a denies from its numerical \alue 'The laJuM 
fo' n u=ed here are of the order of 0 5, and could indeed have been 
made exactiv equal to 0 5 vnthoul anv significant deviation from tin 
data Tni= means that the velocitv of the p^’otochemical action oi 
Lgrt in tnc cones is a sauare root function of the intensitv Such a 
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relation is fairly common in photochemical reactions, particularly m 
those involvmg the halogens (cf Berthoud, 1926, and Gnffith and 
McKeown, 1929) We have always assumed for the eye that the 
velocity IS a linear function of the mtensity of the hght This clearly 
holds for the rods, but there have already been mdications m mtensity 
discrimination data and also in visual acmty data (Hecht, 1931) that 
this IS not adequate for the cones It may be one of the contnbutions 
of the present data that they so clearly pomt toward the necessity 
of a square root function in this connection 

vn 

Theorelical Extensions 

It remams to consider whether the denvation here given accounts 
for the other charactenstics of flicker previously enumerated Ta] 
bot’s law has already been dealt with m the first paper of this senes 
(Hecht and Wolf, 1932) where its vahdity m terms of the photoreceptor 
system was demonstrated theoretically and erpenmentally 

The cntical frequency falls dunng dark adaptation and rises with 
light adaptation (Lythgoe and Tansley, 1929) We omit a mathe- 
matical denvation of these results and merely pomt out how they 
follow from equations (1), (2), and (4) Equation (1) shows that 
dunng hght adaptation the concentration of photoproducts increases, 
and equation (2) shows that dunng dark adaptation it decreases 
Smce accordmg to equation (4) the cntical frequency n is a function 
of the concentration x it follows that dunng hght adaptation the 
cntical frequency to a given hght must mcrease, whereas dunng dark 
adaptation it must decrease 

The last aspect of flicker is the nse and fall of cntical frequency at a 
given mtensity as the ratio of dark pcnod to hght penod increases 
It is proposed to deal with this at some length at a future time, there 
fore only the barest outlme need be given now The general equation 
for Talbot’s law (cf Hecht and Wolf, 1932) is 

( 7 ) 

p o — * 

where t/P is the fraction of the total cycle of hght and dark occupied 
by the hght penod Thus A/ is the duration of the hght penod, 
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pAf that of the whole cycle, and {p - \)M that of the dark penod 
The expression for the velocity during the dark penod now becomes 


A.r 

{p - 1)A/ 


= kiX- 


( 8 ) 


into which may be substituted the value of the cntical frequency, 
n ~ \ /pP^i, and the previous assumption that Ax = c The resulting 
relation betv een x and n is 


a= = - — ^ 

h ip — 1) 


(9) 


and may now be substituted in equation (7) When solved, this 
yields 


K 



■■ (KI + lap ~ x/AKIap + K?I^) 


( 10 ) 


as the relation between n, and I At constant intensity this means 
that as p increases, the cntical frequency n first increases to a mav 
imum and then decreases The relation which equation (10) gives 
is not quite sjnnmetncal, but the data {cj Ives and Kingsbur}’-, 1916) 
are not unequivocal m this respect 


\'in 

Comparisons a ith Other Visual Functions 

The diMSion of our flicker data into a rod component and a cone 
component each functional at a different intensity level is m keeping 
with the previous theoretical treatment of intensity discrimination, 
of V isual acuitv , and of dark adaptation (Heclit, 1931) 1 he compu- 

tations for intensitv discnmination showed that the just effective 
difference in concentration of photoproducts required for a minimal 
intensity discnmination is much larger for the rods than for the cones 
Tile same difference is shown in visual acuity, where the range of 
V isual acuitv units covered bv the rods is much less than b> the cone-> 
Similarlv here in the flicl er data, the constant c in equations (5) and 
V Inch 15 proportional to the square root of the concentration 
cliance Ar is more than t ice as large for the rods as for the concj 
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The value of A* for the rods is thus more than four times as large for 
the rods as for the cones, which means that the capaaty for flicker 
discrunmation is much coarser in the rods than in the cones 

Another agreement concerns the relative values of K for the rods 
and for the cones Both m intensity discrimination and in visual 
acmty, K for the rods is many times greater than K for the cones 
The relation which this bears to the rate of dark adaptation of the two 
systems has already been discussed (Hecht, 1924) Here i\e find 
precisely the same difference m the A' values, those for the rods bemg 
about a thousand times those for the cones 

It IS not possible to make more than this roughly quantitative com 
panson of the constants and values secured from the various other 
data with those secured in flicker, because the two groups of data have 
been made under significantly different conditions Our flicker data 
have been made with strict fixation and are always concerned with 
the behavior of specifically arcumscnbed retmal areas The data 
of mtensity discrunmation and visual acuity, however, represent 
maximal functions of the eye as a whole in which the most effective 
region is used at any given moment Thus at Ion intensities vanous 
parts of the periphery are used, while at higher mtensities only the 
fovea IS used It would be of extraordinary mterest in this connection 
to make measurements of visual acmty and of intensity discrimination 
with speafically fixated retmal areas 

DC 

SmlMARY 

A theoretical treatment of the data of mtcrmittent stimulation by 
hght IS presented in terms of the famihar reversible photochemical 
system previously used for other properties of vision It appears 
that such a system considered merely as the initial eient m photo 
reception is capable of givmg a first order quantitative description of 
the relation between critical frequency and illurmnation for different 
retmal regions, and of Talbot’s lavi Moreover the development of 
this concept shows that the general form of most of the existmg rela 
tionships m flicker are already apparent in the characteristics of the 
behavior of this imtial photochemical event 
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The possible conversion of fat to carbohydrate m the mammalian 
body has been one of the most hotly contested problems in physiology 
Nobody has yet brought forward evidence so convmcmg that his 
opponents on the other side of the argument have been compelled 
to yield ground Very much of the so called evidence is worthless 
It was with this conviction that the present wnter persuaded certain 
of his pupils to tahe up the question and attempt to produce evidence 
which would be completely convmcmg, one way or the other Three 
papers (1-3) already pubhshed have, it is beheved, produced good 
evidence supporting the viewpoint of the late Professor Lusk, namely, 
that this conversion in the mammaban orgamsm is at least extremely 
difBcult and, under the conditions studied, not demonstrable 
From a careful reading of the literature on the germmation of the 
fatty seeds, it appeared that m this instance the evidence, so far as it 
has been developed, favors the conception that fat is converted to 
carbohydrate (sugar) for the obvious purpose of increased diflusibil- 
ity At all events, this has been the mterpretation of botanical phys- 
iologists Since two lines of proof for conversion m the organs of the 
dog (and cat) had failed so signally under cntical examination (2, 3) 
the wnter wondered whether the cndcnce for the fattj seeds could 
really be so convmang as it seemed It was with this atbtude of 
skepticism that the present study was undertaken 
The problem has been approached from three directions (1) the 
significance of the respiratory quotient during normal germination, 
283 
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(2' the changing compo'Uion ot the seed ns shown by combustion, 
'Tfi t '' the neturc of the chemical changes Onh the fir>t <li\i‘^ion 
of th'' 'subject 1 =: presented m this paper, the others follow immediately 
m thi‘^ P'^uc 
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Respiratory quotients as low or lower than those found b> Godlewski have been 
reported for fattj seeds by Gerber (16), Iwanow (17)^ Harrington (18), and Erma 
ko£f and Iwanoff (19) Gerber argues that if the fats stored m the seed are easfly 
oxidized (highly unsaturated) as m flax seed (hnolic aad), the n q of germination 
will be near that for complete oxidation of fat but it tbe> arc difficultly oxidized 
Oess unsaturated) as in castor bean (nanoleic aad), the n.o will be near that for 
complete conversion of fat to carbohydrate, te in the neighborhood of 0 3 
Sherman (20) has published a table givmg rcspiratorj quotients of man> seeds 
both dormant and germmating Amongst them are several showing that the 
R-Q of the endosperm is lower than that of the embiyo of the same seed, taken 
presumably at the same stage of germination These are for starchj seeds 
Sherman gives no similar comparisons for fatty seeds and the present writer has 
been unable to find any such m the hterature This aspect of the subject is one 
of considerable significance for the mam thesis as will be shown 

Rhme (IS) has developed the fact that the hypocotyl of starchv seeds (pea 
wheat, barley, etc ) and that of fatty seeds (cotton, sunflower), taken separately 
from the rest of the seed m germination exhibit the same r-Q , namely, 0 77 on the 
average He offers this similarity as proof that fat is transported from the endo 
sperm into the hypocotyl through the cotyledon not as fat, not even from fatty 
seeds, but alwavs as sugar, and that any fat found in anv part of the young plant 
IS there as the result of synthesis from carbohydrate as m starchy seeds ' The 
evidence favors the view that all the fat stored in the fatty seed is, as we 
have known most of it to be, first converted to sugars before being transported * 
Terrome and associates (21) have shown by bomb calorimetry that the yield 
of energy to the young plant expressed as percentage of the energy lost in the proc 
ess of germination (the resultmg coeffiaent is called the energv yield) is greatest 
m starchy seeds next in prolemous seeds and least in fatty seeds which are 
also fairly high in protem 



K'ttntfi compoeltioD 

Enerey of the yowijr planl X 100 

Protein 

C>rbo> 

by<lnte 

Pat 

Enerey expended 

Sorghum 

9 

84 

7 

73 (Rice and sorghum) 

Lentil 

31 

62 

7 

6'* (Pea and lentil) 

Peanut 

16 

9 

75 

54 (Ha* and peanut) 


If protem is substituted for carbahy dratc in the lentil as compared with sorghum, 
1 1 from 9 to 31 per cent the energy yield is depressed 11 per cent (73 to 62) but 
rcplaang cairbohy dratc with fat, in peanut as compared with lentil, i e from 7 to 
75 per cent, reduces the energy yneld 8 per cent more In a second paper Terro 
me (22), using considerably different figures for composition and slightly different 
for his energy yield makes out that the first substitution just mentioned, 
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A protocol Avhich, as it happened ga\e perfect agreement betueen the rcspira 
tor\ quotients of two beans is given beIoi\ Such perfection ^as rare It ivas 
not unusual however to obtain agreement m ov>gen absorption m successive 
experiments on the same bean withm 3 to 6 per cent The CO was seldom uithin 
this range in successive evpenmenls 

Preparator} to germination the beans were treated with 0 8 per cent formalde 
h\ de for 5 minutes then rinsed at least four times in sterile distilled w atcr The\ 
were then placed on a glass plate between filter papers which had been soaked m 
the same formaldehvde solution for IS minutes and then nnsed thoroughlv in hot 
stenie distilled water The filter papers were covered bv an inverted copper water 



Fig 1 A castor bean with well developed hvpocotvl inside the respiromeler 
bottle restmg on top of the well 

bath, with side tube for admitting air and the glass plate placed awa> in a dark 
closet for germination at room temperature which at the time these experiments 
were carried out Qul), August and carlv September) was on the average about 
25*C The filter papers were moistened occasionallv with sterile distilled water 
Whenever mould developed on the beans as happened occasional!) thej were 
discarded It required in the neighborhood of 3 da>-s to bring the beans to what 
will be called in these papers the first stage of germination namcl> a length of 
hvTiocotvl (radicle) not to exceed 10 mm ActuaUv of course tJie first stage is 
the stage of swelling before the radicle appears 2 da>'s more would permit of 
grow th to a length quite often of 20mm Beans 19 and 20 given in the protocol 
had been germinating 6 davs 

llic temperature of the bath in v\hich the manometer bottles were immcr<ed 
was regulated to 30-31 C in all the experiments on flax seeds and on smgle beans 
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CO , —31 5 to +25, less change for No 12 control = 51 0 mm 

51 0 X 3 15 (vessel constant for CO ) = 160 6 c.mm COj in 41 mm 
272 09 c mm 0 m 26 5 mm -■ 420 9c.mm in 41 mm 
160 6/420 9 = 0 381 R.Q 
Bean 20 184 0/481 2 = 0 382 r.q 
B ean 19 length of hypocotjl 32 mm. 

Bean 20 length of hypocotjl 33 mm 

Invm (27) has raised the question whether high respiratorj quotients obtamed 
from anunal organisms under the action of ether may not be due to the sphttmg of 
carbonates by the action of organic aad formed m the process of metabolism and 
has shown that this is not true of plant tissues If carbonates were formed and 
retamcd m the endosperm durmg germmation of fatty seeds a respiratory quo 
tienl below that fox combustion of fat might be produced and the inference of con 
version to carbohj drate would be false This possibihty was controlled bj se\ eral 
experiments of which the foUowmg is representative A crushed germmatmg 
bean was introduced mto the bottom of a manometer bottle and this manometer 
equilibrated with a control empty bottle HCi of the usual strength was then 
dumped from the sac onto the crushed bean and readmgs taken immediately and 
after shaking for 6 minutes Readmgs were taken as foUows 


Ma&ometer No 

1 

10 

11 


Crushed bean 

Empty 

Readings at 5 22 pan 

73 8 

68 0 

HCI dumped 5 23 ‘ 



S 27 

74 0 

70 0 correction — 2 mm 

Manometers shaken 5 33 p m 

76 0 

69 0 - 1 


Maximum possible effect due to bberauon of COj from carbonates therefore 
would be 2 2 mm which at the usual level of readmgs might raise the quotient as 
much as 0 03 rarely more Aad dumped onto a detached hypocotyl 23 mm 
long in one instance produced a nse of 6 S mm, and when dumped onto a bean 
w ith attached hypocoty 1 of 10 mm length produced a nse of 4 mm Apparently , 
therefore carbonates arc stored or at least CO may be retained in significant 
amount m the new growth However since no question of a conversion of fat to 
carbohydrate in any part of the new plant is inv'olved and as will be seen pres- 
ently the R Q here is alw'ay s in the range of carbohy’dratc combustion, or indeed of 
conversion back to fat (see p 295) no error of mlerpretaUon is produced so far as 
the mam thesis is concerned However extreme care was always taken to pre 
Vent the acid touchmg any part of the bean m the process of dumpmg, and when 
It was knowTi to occur the result was discarded 
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pressing out the naked endosperm and the total moist weight was 
obtained immediately The CO and 0 are expressed as c mm per 
mg of this moist weight Some of the rather large vanations shown 
are probably due to errors in securing the moist weight, others to m 
jury to the very dehcate endosperm and hypocotyl Dry weights 
would have been preferable However, these experiments were purely 
prehimnarj and were not followed up for reasons already given They 
are shown merely as confirmatory of the Ion quotients obtamable with 
a seed which contams only around 37 per cent (Winton) fat and 27 to 
30 per cent carbohydrate In all but two instances the R o is well 
below the level of fat combustion Since carbohydrate combustion 
IS not excluded the quotients are doubtless significant of some other 
use of oxygen than combustion Gerber’s idea regardmg the effect of 

highly unsaturated fatty aads (p 285) should also be borne m rornd 
Table 11 presents typical experiments with single, entire, genmnat- 
mg castor beans Because of their large size and very active raetab 
ohsm, as compared with the flax seeds, these expenments could be 
completed often in as many minutes as the others reqmred hours It 
IS difficult to obtain accurate dry weights on seeds containing as much 
fat as this bean without extraction with fat solvents The results in 
this table, therefore, are expressed without reduction to any unit of 
weight That it is possible to obtam fair agreement between differ- 
ent beans of approximately the same size and stage of development 
when expressed in terms of moist or dry weight is seen from Table III 
The respiratory quotients agree rather better than the rates of 
metabohsm This is true also of successive expenments performed on 
the same bean on the same day, as may be seen from Table II, par 
ticularly for Beans 12 and 16 Other expenments not shown in any 
of the tables bear out this conclusion, which, otherwise stated, would 
mdicate that the nature of the chemical processes involved is more 
constant for any given stage than the rate of change 
From Table II it is qmte evident that the chemical process respon 
sible for the low quotient proceeds at different rates at different stages 
of the germmation To give the exact quotient, charactenstic of each 
stage has not been undertaken m this study, for it is not possible to 
confirm any conclusion reached through respiration experiments on 
smgle heans by chemical analyses That will be undertaken in the 
third paper of this senes 
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the cotyledon into the hypocotyl were there either oxidized as such 
or converted back to fat, the r q of the hypocotyl would necessarily 
be considerably higher than that of the endosperm As noted on 
page 285 such a differencehas been demonstrated for starchy seeds It 
should aforhon be true of fatty seeds Fortunately it was found to 
be very easy to stnp the cotyledons out of the endosperm and to de- 
termme their metabohsm in the same apparatus as the entire germm- 
ating bean, and immediately thereafter Tj^ucal detemunations of 
this kmd are given in Table IV In each case shown the r Q of the 


TABLE IV 


Respiratory Exchange of Whole Germinating Bean Compared with That of 3 oung 
Plant 


No 

Part 


Stas 

Lensth of 

CO, 

0, 

RQ 

26 

^Vhole bean 

3 

branches 

16 

149 3 

enm 

490 5 


26 

Young plant 

3 

‘ 

77 


348 8 

■ji^ 

27 

Whole bean 

12+ 


19 

131 1 

386 0 

0 339 

27 

Young plant 

12+ 


72 

311 3 

315 6 

0 986 

28 

Whole bean 

60 ram 3 branches 

23 

189 4 

500 8 

0 378 

28 

\oung plant 

60 

3 

68 

279 8 

324 2 

0 863 

29 

Whole bean 

30 

3 

21 

142 9 

269 7 

0 328 

29 

Young plant 

30 

3 

65 

260 0 

280 0 

0 928 


germinating bean as a whole was determined, and, as soon as this 
was fimshed, the bottles were cleaned and prepared for another ob 
servation, the bean meantime being kept in moist filter paper The 
cotyledons then were carefullj separated from the endosperm and 
^nth the hypocotyl attached -vvere placed immediatclj in the identical 
bottles in which the parent beans had been observed Naturallj it 
required a considerablj longer time to obtam figures of the same order 
of magnitude for the two gases from the young plant, because of its 
much hghter weight Table IV shows that this time was from three 
to four times as long 
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in the tables, proved that when a germinating whole bean was observed 
with the seed coat lacking, the respiratory quotient was a little higher 
for the first 45 minutes than when the coat was in place The differ- 
ence was great enough to vitiate the quotients in Table V somewhat 
The quotient of the endosperm alone, it was expected, should be lower 
than that of the germinating whole bean, smce the r q of the young 
plant alone is so much higher That Table V does not exhibit this 
relationship is due, certainly to some extent to the fact that the seed 
coat had to be removed, and, unfortunately, one cannot say to just 
what extent this circumstance affects the result Secondly, the ob- 
servation with the endosperm and that with the cotyledon and hypo- 
cotyl (new plant) did not continue long enough to give comparable total 
figures with the whole bean experiment The reason is a good one, 
namely, to avoid postponement of the observation with the separated 
parts so long as to permit the metabohsm to run down, nevertheless it 
IS regrettable This circumstance makes the quotients a httle less 
rehable both for the endosperm and the young plant Possibly the 
very high r q for young Plant 32 is to be explamed in this way 
Having just mentioned the possibihty that the metabohsm of the 
isolated parts runs down when separated from their natural relation- 
ships, some facts in support should be mentioned bnefly Many 
times successive experiments on the same whole bean have been ear- 
ned out the same day Usually, they have agreed quite satisfactonly 
With the young plant the agreement is never so good as with the 
whole seedling This would be expected, for the plant is not yet 
old enough to maintain itself even in its natural habitat, much less 
in a respirometer bottle The following illustration will suffice 


V oung plant 



RQ 


c mm 

c mm 


No 1, Ist expenment 

275 

287 

0 96 

2nd 

222 

281 

0 79 

No 2, 1st 

227 

237 

0 96 

2nd 

217 

246 

0 88 


The first experiment m each case lasted 100 minutes, the second 51 
minutes, they are calculated, however, to the same basis In each 
case the r q is significantly loner m the second expenment 
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The second point remaining to be discussed bnefly is the relation 
ship of the respiratory exchanges on the basis of unit weight Several 
of these experiments also were earned out and two are shown in Table 
VI Moist weights were used The whole germinating bean was 
weighed nunus its seed coat just after the metabohsm observation 
The endosperm and young plant were weighed immediately after 
separating them and the endosperm was kept moist until its metab 
ohsm could be determined Thus the three weights were obtamed 
under strictly comparable conditions, and since the fat content of the 
endosperm is so very much higher than that of the young plant, it is 
beheved the moist basis is just as satisfactory as the dry 


TABtE VI 

Whole Seedling, Endosperm, and New Plant Calclilaled to U nit Time and Weight 


No 

Tort 

Kfobt ire sbt 1 

1 

CO 

0, 

RQ 




c mm {hr /lOO 

t mm /k /lOO 





ms 

mt 


36 

Whole seedling 

■9 

52 6 

133 4 


36 

Endosperm 


S3 0 

140 9 


36 

\ oung plant 

1 144 

139 0 

180 0 


37 

Whole seedling 

1047 

47 6 

104 6 

0 4S4 

37 

Endosperm 

601 

1 53 2 

111 1 


37 

Young plant 

; 194 

141 S 

1/0 5 

0 829 


It was not surpnsmg to find the metabohsm of the > oung plant much 
higher than that of the entire bean In one of the cases (No 36) 
shown it is approximately 35 per cent higher on the basis of the oxj gen 
consumption and in the other about 63 per cent In each case the 
metabohsm of the endosperm is 5 to 7 per cent higher than that of 
the whole germinating structure, likewise on the basis of the oxjgen 
This agam indicates that the metabohsm of the whole bean is some 
what held in check by the seed coat, for the endosperm necessanly 
was observ ed devoid of the coat 

Still more interesting are the CO relationships The endosperm 
and whole bean give off approxiraatelj the same volume per unit of 
weight, but the young plant gi\ cs off 2 6 times as much as cither 
whole bean or endosperm At first sight this seems like a clear case 
of temporary storage of CO and its escape from the cotyledon as 
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soon as it is withdrawn from its housing in the intenor of the seed 
Experiments have already been referred to (p 289) which prove that 
this cannot be true of the hypocotyl The same sort of expenments 
were done with the cotyledon No readings have been preserved, 
unfortunately, but acid apphed to the cotyledon causes the evolution 
of very httle gas ^ There is no question, therefore, that the large out- 
put of CO 2 from the young plant is due to active metabohsm Can 
any special significance be attached to this fact? 

If the statement just made is turned the other way about, it is clear 
that on the basis of umt weight, the pecuhar metabohsm which goes 
on in the endosperm to give very low quotients differs from that of the 
young plant much more on the basis of CO 2 than on the basis of oxy- 
gen One might have expected that when reduced to unit weight 
the endosperm would show a greater absorption of oxygen than the 
young plant, the CO 2 remammg more nearly the same The state- 
ment usually made is that ongmally reported by de Saussure — ^the 
oxygen absorption is much greater than the CO 2 elimination The 
indication from these few expenments is rather that CO 2 is produced 
but held back to fonn carbohydrate and when the carbohydrate later 
IS broken down the CO 2 is hberated If the carbohydrate were to be 
transformed to fat, it would be accomphshed by elumnation of still 
more CO 2 Fat is found m the protoplasm of the hypocotyl (Rhine 
(15)) , hence a part of the surplus CO 2 coming from the young plant 
may be from this reaction It will require more experiments of the 
same kmd and others of special design to make sure of this as a fact 
At present it may be remarked only that Chauveau’s (28) conception is 
fa\ored rather than that of Bleibtreu (29) concemmg the nature of 
the chermcal change necessary to produce fat from carbohydrate and 
vice icrsa (See, however, the evidence in Paper II ) 

2 Long-Period Experiments 

The short-penod expenments are interesting from many pomts of 
viev , , but wnth smgle beans the physiological results cannot be checked 

‘ Later check expenments done at our request b} Dr M Elizabeth Marsh, 
sho\\ed that a maximum of 10-15 emm of gas could be obtained from a single 
pair of cot% ledons This i^ould lower the r Q of the > oung plant in Tables V and 
\T about 0 05 if all the CO 2 stored should have been given off in the respiration 
penod, which is verv unlikelv 
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putrefaction was unmistakable, and this condition doubtless is re- 
sponsible for the exceptional respiratory quotient found The other 
quotients are consistent m mdicatmg the formation of fat from car- 
bohydrate 

In such experiments where the amount of matenal mvolved is suf- 
ficiently large to permit of exact chemical anal^’sis, it will be possible to 


TABLE \TI 

Bean-Bodk Expenmaiis 


Erpenmcnt 

No 

No of 
beans 

Stage in 

A\ erage 
length 
hypocotjl 

Days in 

Stage out. 
A\-erage 
length 
h%-pocot j 1 

CO gam 

0 loss 

RQ 

j 


mm 


mm 

per cent 

per cent 


5 

24 

3 

3 

13 1 

4 63 

8 73 

0 530 






4 70 

8 64 

0 544 

2 1 

6 

5 

8 

50 

15 96 

22 15 

0 72* 

3 

6 

5 

5 

35 

10 36 

21 98 

0 471 






10 63 

21 96 j 

0 484 

6 

24 

15 6 

3 

29 2 

10 65 

21 05 

0 506 






10 90 

20 86 

0 569 

4 

6 

17 5 

2 

20 

9 52 

IS 59 

0 514 






9 13 

IS 33 

0 498 

1 

5 

38 

S 

89 

11 62 

21 68 

0 538 


* Spoiled — ^putrefaction 


check the respiratory^ findmgs by actual composition at the beginning 
and at the end Results of this character will be found in Paper EH 

SUiDJARY AND CONCLUSIONS 

1 Respiration studies on smgle castor beans, made by means of 
the Brodie-Warburg method, at vanous times after the start of ger- 
mmation, as well as studies on groups of germmatmg beans o%er pe- 
riods of 3 to S days made by a simple procedure mi ohing anal} sis of 
the respired air by the Haldane method consistently gi\ e respiratory' 
quotients from 0 30 to 0 58, mdicatmg the conversion of the oil to 
carbohydrate 
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THE CONVERSION OF FAT TO CARBOHYDRATE IN THE 
GERMINATING CASTOR BEAN 


n The CoiEBusTiON Respiratory Quotient as Determined by a 
Modified Oxycalorimeter 

By ray G DAGGS and H S HALCRO-WARDLAW * 

{From the Department of Vital Economics, University of Rochester, Rochester N Y ) 

(Accepted for pubbcation August 1, 1933) 

The castor bean belongs to that group of seeds that contain large 
quantities of fat and no carbohydrate before germination As ger- 
mmation proceeds the fat stores decrease and carbohydrate appears 
(Green, 1890) (see also Paper HI following) The purpose of this in 
vestigation was to determine whether or not the combustion respira- 
tory quotient rose with succeeding stages of germination, thus mdicat 
mg a change from an oxygen poor to an oxygen nch substance 

Apparatus 

Bj combimiig the Benedict and Fox (1925) oxjcalonineter and the Benedict 
universal metabolism apparatus and mtroduong a more cfTectivc cooler one is 
enabled to obtam accurate respiratory quotients upon the combustion of small 
amounts of thoroughly dned plant or anunal material Fig 1 is a diagrammatic 
illustration of the arrangement Hie cooler is made from a hot water heater 
coil installed in a large metal can filled with a)ld i\ater Hie water bottle prcccd 
mg the spirometer is inserted in order partially to control the temperature of the 
air If one is very careful to keep drafts from the spuometer bell and qujckl> 
cool the Pyrex lamp chimney wth a cold wet doth immediately following the com 
busUon there is no difficulty m keeping the temperature of theairmthespirom 
eter at the same pomt as it was before combustion Hus climmatcs temperature 
change corrections 

In order to check the accuracy of the apparatus CJ* sucrose i^'as used Checks 
^ath sugar were also made at \'anous intervals dunng the expenments on the 
castor beans Table I is representative of the values obtained for sucrose 


• Fellow of the Rockefeller Foundation 
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II 



TABLE I 


0, 

CO, 

RQ 

lilrrs fCT (n 

liters fn jn 


0 7S3S 

0 7850 

1 001 

0 7790 

0 7730 

0 992 

0 7677 i 

0 7731 

1 007 

0 755S 

0 7560 

I 000 

0 7S44 

0 7817 

1 0 096 

0 7675 

0 7794 

1 015 

0 7602 

0 7606 

1 000 

•\.\eragc 0 7712 

0 7727 

1 002 


EXPERnrcNTvr 

rhc pcncarp of the ungcrminated bean ^^as rcmo\cd and the remainder of the 
liean immediateh ueighcd and pLiccd m the combustion chamber Sufiicicnt oil 
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IS present to insure good combustion without drying The results obtained by 
bunung the ungerminated bean in the moist state are shown in Table n Gen 
erally two whole beans were used for each a>mbustion 

Good sound hard beans were selected and placed in a filtered solution made from 
10 gim of commercial chlonde of hme and 140 cc. of water (Wilson, 1915) They 
were kept m this chlorine solution for IS minutes m order to sterilize them against 
bacteria and mold After this treatment they were individually washed in sterile 
water to remove the e:ccess chlorme and placed between layers of damp sterile 
filter paper on a piece of window glass A sterile water bath was inverted over 
them excluding all hght but permitting a small amount of ventilation through an 
opening loosely filled with cotton and shielded from the light As reqmred, the 
filter paper was dampened with sterile water A\Tien the desned stage of genm 
nation was reached the endosperm was freed from the clingmg pencarp and the 
entire bean and y oung plant cut into pieces and placed m the vacuum desic 

cator until thoroughly dehydrated The stages of germination were chosen arbr 
tranlj dependmg only upon the length of the hypocotyl 


TABtE n 


Length o! hTpecstyl 

Oi 

COi 

R.Q 

1 

No ofupenoeoU 
OB which Average 
is based 

mm 

Ulert per tm 

t I4rs per (m 



UDgenmiulted 

1 542 

1 166 


1 12 

Av erage S 0 

1 550 

1 169 

0 754 

' 10 

16 3 

1 527 

I 16S 

0 765 

P 

33 6 

1 359 

1 no 

0 817 

8 

65 0 

1 167 



4 

112 0 1 

0 992 

1 0 909 1 

' 0 PIP 1 

' 6 


There is undoubtedly a greater vanation among germinated beans 
of the same length of new growth than among the ungentunated beans 
However, this seemed to be the best entenon since the number of days 
of germination and other means of determining different stages of 
germination showed greater vanalions Table 11 gives a summaiy 
of the findmgs It is rather unsatisfactory to try to germinate the 
seeds in the dark by the method described (see Paper HI for a 
more successful method), much farther than to a length of hypo 
cotyl of sUghtly over 100 ttitu , because the tip of the radicle becomes 
C{u!te darkened and begins to die However, a few beans were sue 
ccssfuUy germmated to a greater length as can be seen in the graph 
(Fig 2), m which the data arc summarized It is dear that as gcr 
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jnination proceeds the plant gams m an oxygen-nch substance and 
becomes poorer m an oxygen-poor substance, for the volume of 



Mm o 


Lencjth of Radicle. 


Tig 2 


OX} gen required for combustion of the entire germinating seedling 
gro’vN s steadil} smaller per gram of dry matter The volume of COj 
produced per gram of diy matter, however, remains nearly the same 
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There is therefore more oxygen already present per unit of carbon 
contained in the dry matter 

To check again the efficiency of the apparatus used to obtain the 
above data, orgamc combustions were done on a few of the beans 
An ordmary gas combustion furnace was used The carbon dioxide 
was collected m potassium hydroxide and the water in sulfuric aad 
The ash and the mtrogen were determmed and the oxygen contamed 
m the bean obtained by difference Knowing these factors one can 
easily calculate the additional oxygen used m the combustion and thus 
determme a respiratory quotient Table m gives the data obtained 
by organic combustion The results check fairly well with those ob 
tamed with the modified oxycalorimeter 


TABLE ni 


Lcb^ g{ hypocotyl 

0, 

CO, 

1 R.Q 

mm 

hUrf (tn 

i Urt fit [m 


Ungenmnated 

1 548 

1 158 



1 530 

1 147 



1 501 

1 IJl 


17 

1 571 

1 180 

' 0 751 

150 

0 897 

0 824 

0 920 


In an attempt to find where the oxygen nch substance was most 
abundant in the germinated bean, several combustions were done on 
the young plant alone (cotyledons, hypocotyl, and rootlets) and on the 
remammg endosperm Table IV is representative of the results ob 
tamed 

It will be noticed that there is no consistent change m the R Q 
of the young plant with respect to the stage of germination, thus indi 
catmg that the new tissue formed remains of substantially the same 
composition The R Q of the endosperm, however, increases with 
the stage of germination This doubtless means that the seat of for 
matron of the oxygen nch substance is in the endosperm It is 
of mterest to check the weighted respiratory quotients obtained from 
Table IV with the combustion respiratory quotients found m Table 11 
The endosperms of the 35 mm group in Table IV weighed (dry) 
21356 gm givmg anRQ of0813nndtheyoungpIantsncighed0 20S7 
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gm With an R Q of 0 932 The resultant r q of the combination 
would be 0 823 which checks fairly well with an r q of 0 817 for a 
group of 33 6 mm length shown m Table II Takmg another example, 
the endosperms of the 113 mm group m Table IV weighed (dry) 

I 7505 gm with an r q of 0 859 and the young plant 1 0298 gm ivith 
an R Q of 0 966 On calculatmg the proportional amounts of each 
the resultant r q is 0 899 The r q for the 112 mm group in Table 

II is 0 919 


TABLE IV 


Average length ‘ 

o{ li>'pocotyl 

0, 

CO, 

RQ 

mm 





Endospenn 


35 

liters per gm 

1 452 1 

liters per gm 

1 181 

0 813 

52 

1 378 

1 129 

0 819 

85 

1 171 

0 988 

0 843 

95 

1 211 

i 1 034 

0 854 

113 

1 163 

0 999 

' 0 859 

134 

1 306 

1 133 

0 868 


Young plant 


35 

1 230 

1 146 

0 932 

52 

1 074 

1 033 

0 962 

85 

0 903 

0 847 

0 938 

95 

0 934 

0 884 

0 947 

113 

0 908 

0 877 

0 966 

134 

1 014 

0 940 

0 927 


The exact nature of the material formed to produce the change in 
combustion r q is not revealed by this study Taken in conjunction 
with the results given in Paper I and the literature cited therein, the 
obseiv ations here recorded are entirely consistent with the viei\ that 
the fat (oil) of the castor bean is converted to carbohydrate (sugar) 
m the endosperm in the course of germination, and is at least partly 
stored in the } oung plant The chemical analyses and their correla- 
tion with the respirator} quotients will be found in Paper III, imme- 
diately followng 
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SDIIUARY 

The combustion respiratory quotients of castor beans gerrmnated 
to vanous stages, depending upon the length of the hypocotyl, were 
detemuned by means of a modified oxycalorimeter 
After genmnation was w ell started, the respiratory quotient of the 
combusted gerrmnated seed mcreased as the stage of germination in 
creased, mdicatmg a change from an oxygen poor to an oxygen rich 
substance, probably fat to sugar 

The accuracy of the method was checked by orgamc combustions 
The seat of formation of the oxygen nch substance is m the endo 
sperm 
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THE CONVERSION OF FAT TO CARBOHYDRATE IN 
THE GERMINATING CASTOR BEAN 

III The Chemical Analysis, and Correlation with 
Respiratory Exchange 

Bv H B PIERCE DOROTHY E SHELDON AKD JOHN R MURLIN 
{From the Department of Vital Economics, University of Rochester, Rochester, N i ) 

(Accepted for pubbcation, August 1, 19j3) 

In considering the converston of fat to carbohydrate in the germi 
Dating castor bean, tno phases of the problem have been discussed in 
the preceding papers The results of chemical analyses made on the 
beans at various stages of their germination will be presented here 
The changes in the fat stores of seeds during germination have been 
studied by numerous investigators who used many different seeds 
Hellnegel (1), Lederc du Sablon (2), Green (3), Green and Jackson (4), 
Maquenne (5), Deleano (6), Miller (7-8), Maze (9) and many others 
have investigated the transformation of oil into starch or sugar during 
germination For a more detailed bibhography co\ enng this phase of 
plant chemistry, the reader is referred to the book by Miller (10) and 
the articles by Deleano (6) and von Ftirth (II) AUofthe above in 
vestigators observed that sugar was formed in increasing amounts as 
the oil disappeared in germinating fatty seeds, and several noted that 
the sugar increased up to a certain point and then decreased along 
with the oil 

The increase in the carbohjdrate content in the seedhngs of oil} seeds neces 
sarfly raises the question as to its orgin Miller (7) working with sunlloucr seeds 
found that changes in the protein resene could not account for the carbohydrate 
formed We have observed that there is a sbght increase in amino nitrogen in 
castor beans during their germination but this increase is exceedingly small less 
than 1 per cent As there is an exceptionally small amount of preformed sugar 
in ungerminated castor beans it seems likelc that the oil must serve as the source 
of carbohydrate Miller (10) notes that no one has found free glycerol in ger 
minaUng seeds or seedlings Houever even if all of the gUccrol from the fat 
uhich disappeared were utilized for buildmg of carbohydrate it would not be 
311 
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sufficient to account for that formed A simple calculation will be presented 
below in proof of this Thus it seems evident that the fatty acid fraction must be 
utilized m carbohidrate production This statement is substantiated b\ the in- 
vestigations of Lederc du Sablon ( 12 ), Maquenne (5), and Ivanow (13) but von 
Furth (II) does not agree with their conclusions, or those of Green (3) whose work 
will be mentioned later Von Furth worked with seedhngs iwth a root length 
(hj-pocot 3 P) of about 40 mm We will show later that marked changes in the 
oil and sugar content did not take place until the hv-pocotvls were over 35-40 mm 
m length Furthermore von Furth ( 11 ) felt that iluntz (14) had no right to 
condude that the fatty acids of germmatmg seeds w'ere converted into 0 x 3 -acids 
since the acet 3 l value of the oil extracted hy von Furth did not rise during ger- 
mination Miller ( 8 ) also found no change in the acetyl value of the oil obtained 
on extraction of germinated seeds Green (3) isolated a crystalline acid of un- 
known structure from genmnating castor seeds and beheved that this might be an 
intermediary product m the conversion of the oil to sugar \bn Furth (II) was 
unable to confinn Green’s work, and expressed the behef that if volatile aads, 
alcohol, acetone, or aldeh 3 des were mtermediates between fat and carboh 3 ’dratc, 
the amount present at any given time might well be so small as to be undetectable 
Ddeano ( 6 ) realized that many different organic acids could be formed during 
germination, but he was able to isolate only two, lactic and acetic Recenth 
Pirschle (15) reported having found considerable amounts of acetaldeh 3 dc m 
germmatmg fatty seeds, and he beheved that this might be the possible inter- 
mediate in the process under discussion 

The question as to w hether fat is converted directl 3 to starch, glucose, or dextnns 
(16, 17) or whether numerous substances are formed as intermediates, cannot be 
discussed profitabh at present 

EXPERIMENTAL 

Sound castor beans (Brazil seeds) of diSerent sizes and colors were germinated 
in vanous wa 3 s to determine the best means of procuring successful germination 
without mould The most successful method proved to be the foUowung The 
selected beans were dipped momentanl 3 ' into a 1 1000 mcrcunc chloride solution 
to destr 03 mould spores and then introduced into sterilized moist chambers, being 
placed upon filter paper o\er stcnle cotton, and on top of them was laid another 
la 3 er of filter paper and cotton The dish and cotton were sterilized in an oven 
at lOO’C for 24 hours The filter papers were moistened with stcnle distilled 
water and the dishes set awa 3 m a dark place at room temperature IVaterwas 
added as required Success in pre\enung mould depends not so much on sccunng 
perfect stenljt 3 as on preiention of too much moisture in contact with the beans 
The rate of grow th not being cntireK uniform, the time required for the hypo- 
cot} 1 to reach the length desired was \-anabIe A length of 100 mm v as attained 
on the average in about 2 weeks, and usualh no side branches appeared unt3 the 
hipocot}! was approtimateU 35 mm long The length of the h 3 pocotiJ 
was selected as a measure of the degree of development rather than thedavsof 
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germination, m accordance mth the expenence of Leclerc du Sablon (2), and 
JDeleano (6) 

The seedlings were removed from the moist chambers when the hvpocotvls 
reached the desired lengths the seed coat and sheath pulled off and the germinat 
mg structure dned for about 24 hours at 90 C Some m\estJgators (6 18) have 
recommended drying for a longer time at lower temperatures to prevent changes 
m the composition of the oil, but soluble carbohydrates might be lost b> this slow 
drying due to respiration of the seed or fermentation brought about hy moulds and 
bactena Von Filrth (11) too has shown that the lodme number of the oil ex 
traded from seedlmgs dned at 90 for some time has approxiraatelj the same value 
as that of oil extracted from ungenmnated seeds When the plant material was 
practically dr> it was prepared for anal>'sis by gnnding into a fine paste or pov\ der, 
dependmg upon the amount of oil present 

In a second senes of experiments castox beans were dipped m 0 8 to 2 per cent 
formaldehjde rmsed m stenie distilled water and allowed to germinate in the 
dark When the hypocotyls were a few millimelcrs long (sec Nos 7 and 8, Tabic 
I\0 these seedlings were placed on moist cotton at the bottom of 3 to 8 liter bottles 
and these were then closed tightlj to prevent the loss or entrance of air The 
rubber stopper was provided with two glass tubes closed externally by means of 
rubber tubing and screw clamps also with a small manometer filled with mcrcurj 
for recording pressure change in the bottle The bottles and scedhogs were set 
away in a dark cupboard and after a period of tune — the number of da> s varied — 
the bottles were removed, a portion of the contained gas being transferred to 
samplmg tubes and anal>zed m a Haldane gas anal)’zcr Ungenninated seeds 
at times were confined m the same manner The chief difficultj in these expen 
mentsla> in the fact that not all of the seeds germinated or continued to grow 
After the gas samples were taken all the beans or seedlings nere removed dried 
ground, and analyzed as set forth in the following paragraphs anal^-scs being made 
for water ash, ether extract protein crude fiber total reducing matter as 
invert sugar, and in the later experiments glucose 

Moisture was determined by plaang samples m shillou cv'aporating dishes and 
drying to constant weight at 100®C These same samples were then ashed in a 
muffle at dull red heat until the ash assumed a gravish white cast Tor ether 
extract samples of the dried material were weighed bv difference into double thick 
ness extraction thimbles and extracted with drv etJijl ether in Soxhlet extractors 
forlfihours In sev eral anaij’ses samples were extracted with petrohe ether and 
the percentage of fat obtained corresponded almost cxacUv with that obtained 
With cthji ether In one analvsis the sample was extracted with both cthvi and 
petrolic ethers and in the ether extract nitrogen was determined This amounted 
to approxunateK 0 1 per cent showing that ven little nitrogenous matter was 
removed dunng t^o 16 hour extraction periods 

Nitrogen was determined b> the Kjeldohl method the factor 6 2o being lucd to 
convert nitrogen to prolem To determine reducing matter a weighed sample of 
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the matenal -was boiled mth water for 30 minutes and filtered mto a 250 cc vol- 
umetric flask, the residue bemg washed w ith hot water The contents of the flask 
were cooled and made to 250 cc 50 cc portions i\ere removed and put in each 
of tvo beakers To the contents of one beaker, 1 cc of concentrated HCl was 
added and the solution heated on a water bath for 15 mmutes to hydrolyze the 
sugar This was then neutralized with strong NaOH and a drop of HCl added to 
discharge the pink color of phenolphthalem The total reducing matter was then 
detenmned bv the Bertrand method The reducmg substances in the unhy- 
drolyzed 50 cc portion were determmed directly by Bertrand’s method The 
cubic centimeters of KMn 04 used here were subtracted from the cubic centimeters 
used for the total reducmg matter and the difi'erence calculated as glucose Zinc 
sulfate added to the ongmal solution or to the solution after hydrolysis had no 
effect upon the final results Repeated boding of the fat-nch samples faded to 
y leld anv additional quantity of sugar Crude fiber was determined accordmg to 
the method of the Association of Official Agricultural Chemists (19) 

DISCUSSION OP RESULTS 

The results of the chemical analysis of beans having hypocotyls from 
5 to 100 mm are presented m Table I All values are averages of 
several analyses of beans which bad been germinated at dfifferent tunes 
dunng the year The percentage of fat shows a steady decline, the 
most rapid fall occurring during the penod when the hypocotyls are 
between 35 and 45 mm in length Deleano (6) also observed the 
fact that chemical changes were at a maximum dunng this stage of 
germination As the fat decreases, we notice a marked nse in the 
reducing matter calculated as invert sugar There is very little 
reducing matter in the unhydrolyzed water extracts until the length 
of the hypocotyl is 35 mm or more The crude fiber show's a rather 
irregular senes of values, but there is a definite tendency toward a rise 
as one would expect Certainly the accuracy of the method is not of 
the highest order Some of the vanations may have been due to 
irregulanty m the development of the root system, for some lots of 
seedlings had far more roots than others The nitrogen content of 
the germinated beans was fairly constant, although there is a notice- 
able nse as germination progresses This apparent increase in nitro- 
gen content IS set forth more clearly in the results shown in Table 11 
The ammo nitrogen content is small, usually less than 1 per cent until 
the later stages of germination are reached Loss of a volatile sub- 
stance dunng drying would explain this nse m the amount of nitrogen 


H B PIERCE, D E SHELDON, AND J R MERLIN 


315 


present The percentage of ash m the seedlings at vanous tunes 
during their growth is fairly constant There is a gradual increase in 
the undetermined matter the longer the penod of germination 

TABLE I 


Chemical Compostlton of Germinaiing Castor Beans 


SUge 

Length hypocotyl 

Ether 

extract 

Total 
redua g 
matter 
as invert 
sugar 

Glucose 

Crude 

fiber 

NX 6J5 

Ash 

Total 

No of 
lots of 
beans 
toa 
l>ied 


nn 

per tenl 

per eeni 

pereemt 

per tent 

percent 

percent 

per cent 


0 

Ungerminated 

67 85 

1 18 


1 87 

25 72 

2 61 

99 01 

5 

■■ 


63 74 

1 62 


2 62 

26 32 

2 63 

96 93 

2 


10-20 

61 55 

6 02 


3 23 

24 26 

2 57 

97 64 

3 



57 40 

6 88 


2 37 

25 86 

2 48 

98 62 

4 

4 

35-45 

45 30 

15 63 


4 02 

26 51 

2 77 

93 33 

3 

5 

45-60 

38 03 

17 26 


7 01 

27 48 

2 43 

91 69 

2 

6 

60*80 

32 58 

25 84 

4 47 

4 08 

26 M 

2 86 

92 19 

3 

7 

S 


25 28 

26 63 

6 32 

5 01 

27 26 

3 M 

8/ 21 

2 


P^r 

cent 



Chart 1 Carbon of fat disappearing and of carbohydrate appcanng — in per 
centagc 

In Chart I the percentage of carbon of the fat disappearing and of 
the reducing matter and crude fiber appearing has been calculated 
using the data in Table I The fat carbon was calculated from the 
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content in ricmolein tlie carbon in the reducing matter from the con- 
tent in sucrose and m that of fiber from the formula CsHioOs Due to 
the fact that rve vrere xmable to obtam 100 per cent of the constituents 
present m the vanous lots of castor beans, the fat reducmg matter, 
and fiber rvere converted to tenns of 100 per cent to permit a satisfac- 
tor}- comparison of the results Alvraj-s the fat disappeanng was 
detenmned b}' subtracting the percentage of fat present at each stage 
of germination from that present in the ungermmated seeds, corrected 
^ alues of course being substituted for those shown in Table I From 
the data m this chart it is seen that m the first two stages of germina- 
tion the carbon of the fat disappearing and of the reducmg matter 
and crude fiber appearing practical!}' balance each other Growth at 


TABLE n 

Cr'-p- c:l Cor-poyt or, ol Castor Beaus .n More Advanced Stages of Gcrmviahon 


l 

c 

crtrcct 

' ! 

I i 

LS Z-CTt 1 


Cnit 5bc 1 

! 

j 

-N X 62B 

1 

^sb 

Total 

( 


! r'-rm. j 


■B 

f'T cen! 

ftr enS 

f'r ctnt 

103-120 1 

34 73 

, 23 21 j 

5 46 


27 52 

2 SI 

92 04 

S-O-i-iO ' 

22 53 

j 39 30 1 

\ — 


27 32 

2 79 

97 50 

1OV150 } 

17 35 

j 35 6S 1 

IS 45 

1 4 50 

27 11 

i 3 02 

S7 47 

150-200 

15 21 


10 55 

5 20 

29 32 

2 SS 

79 54 

175-250 1 

11 07 

. 142S 1 

: 10 75 

i 

1 12 S9 

34 6S 

4 42 

78 24 


this stage is sbw so that respiration is not as great here (see Paper I) 
as at some of the later penods in the development of the seedling 
After these stages just mentioned the carbon of the fat disappeanng 
IS alv a\ s much greater than the carbon of the reducmg substances and 
i oer Muen of the remaining carbon can be accounted for as that of 
tne respirat’on as will be pomted out in the discussion of the results 
in TaoTs III and H 

In Tao’c II tre results oi the analyses on seedhngs, which had been 
pimutted to germinate lor a longer penod than those shown in Table 
I are g•^en Trese b^ans were kept in the dark constanth The 
p.rccr*agt. o' 'at in tee latest stages has now fallen to a lov. \alue 
Tre :c*a’ rec_a'’g matter o^ the beans with h%-pocot\ Is SO to 140 mm 
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in length calculated as invert sugar reaches a peak at approvraiately 
40 per cent, then falls along with the fat The rcduang matter 
obtained pnor to hydrolysis and calculated as glucose also reaches a 
maximum at 100 to ISO mm length of’hypocotyl and then decreases 
m amount The crude fiber mcreases matenally as would be expected 


TABLE m 

Composition of Castor Beans at Beginning and End of Respiration Period 
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which had been confined for vanous lengths of time in closed bottles 
as previously descnbed The purpose of this part of the study was to 
compare directly the nature of the respiratory exchange ivith the 
nature of the chemical changes as shown by analysis It was the 
hope indeed to make a complete carbon and oxygen balance for the 
time dunng which the beans were confined by taking account of the 
composition at the beginning and end of the respiration penod and the 
respiratory exchange itself This hope was frustrated m part by the 
independent discovery of an undetemimable (by ordinary methods of 
proximate analysis) remainder which increased with age, in part by 
failure to secure 100 per cent germination or growth of the beans con- 
fined as descnbed, and in part by the inexactness of the crude fiber 
method of the A 0 A C as apphed to the matenal of castor beans 
Nevertheless it is instructive to lay the chemical analysis side by side 
with the respiration figures on the same beans 
It is evident that the values given for the “End” m Table III cannot 
be put down as descnbing the composition of any given stage They 
represent rather the mixed composition of beans which had grown 
unequally and some not at all They are none the less correct analyses 
within the limits of the methods used 
By companng the actual composition at the end with the average 
analyses of corresponding stages when the beans were confined to the 
respiration bottles, a difference in content is obtained winch, combined 
with a certain amount of combustion, should account for the respira- 
tory exchange This obviously cannot be expected to give a perfect 
accounting until the nature of the undetermined matenal is found 
Table IV gives the respiratory exchange as found in the same lots of 
beans as shown m Table III The bottles in all cases were filled with 
outdoor air by suction and filtration through a cotton plug, placed in 
the inlet tube, immediately after the beans were introduced Hence 
the composition of the air at the end compared with the composition 
of outdoor air gave the respiratory exchange of the beans 

The respiratory quotients in all cases were between 0 48 and 0 58 
and were therefore in good agreement with those shown in Table VII 
of Paper I, and obtained by the same method 
The changes m composition (Table HI) which are charactenstic in 
all of these cases are sumlar in kind, though not in amount, to those 
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shown m Tables I and 11, namely, a decrease in the percentage of ether 
extract, an increase in the percentage of reducmg substance, and an 
increase of the undetermined residue The changes m ash are negh 
gible, those m the protein (N X 6 25) are vanable, some showing an 
increase, others a decrease The changes in crude fiber, which were 
vanable m Tables I and II, though usually mcreasmg with age, are m 
these special lots exceedmgly vanable In four of the six lots it 
decreased, which we can only attnbute to the fact that some of the 
beans, as previously mentioned, failed to germinate or to grow nor 
mally ^ 


TABLE IV 


Represaitalive Respiratory Melaholtsm of Several Lots of Castor Beaus IT hose Final 
Composition is Given in Table 111 


Exper 



Stage to nun /etyrthofhypocotyj 

CO, 

0, •!>- 
Kir bed 

RQ 





pr^ 

auced 

PI 

At beguuuAg 

At end 

■ 

1 

24 

1-5 

Average 13 1 


ee 

386 

0 S3 

8 

3 

24 

Average IS 6 

« 29 

326 

628 

0 52 

11 

5 

21 

Ungermmated 

Ungenmnated to 30 

322 

552 

0 58 

12 

7 

15 

< 

40 

302 

524 

0 58 

13 

S 

20 

< 

‘ 45 

270 

462 

0 58 

17 

3 

30 

2CWS 

45-90 

676 

1419 

0 476 


The 0 content of the bottles at the end of the respiration penod m 
all the lots showing a decrease of crude fiber was quite low (from 
0 12 per cent m No 1 1 to 3 8 per cent in No 13) but there is no paral 
lehsm between this final percentage and the decrease m crude fiber 
In Lots 7 and 17, where the crude fiber increased, the percentage of 
Oj at the end was relatively high (8 7 per cent m No 7 and 5 4 per cent 
in No 17) 

' In some otier lots which had to be discarded beans were found which not onl> 
failed to germinate but degenerated, and became quite soft It is possible that 
some of the ungcrmiriated beans in the lots anabzed (Nos II, 12 and 13) also 
degenerated shghtlj though the> were not petcepUblj softened Softemng might 
be due to a fermentation of the cellulose contained The fiber therefore would 
escapethemethodof straining through fine linen used b\ the Association of Official 
Agricultural Chemists This is onl> surmise 
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Notwithstanding the very low final oxygens in the bottles where this 
occurred, most of the new growths were perfectly normal in appear- 
ance when the beans were removed and there was no odor of spoilage 
Exceptionally the end of a rootlet or the point of junction of the 
rootlet with the hypocotyl would be darkened It is not beheved that 
these slight changes could alter the chemical composition or the 
respiratory activity 

Table V presents the results of an attempt to balance the carbon of 
the fat and protem (where this decreased) disappearing against the 
carbon of the determined amounts of invert sugar (all of the sugar being 


TABLE V 
Trtal C Balance 


Experi- 

ment 

No 

Lost 


Gamed 


Excess of C 

Un 

deter 

Per cent C in undeter 
mined substance 

Cof 

fat 

Cof 

protein 

Cof 

invert 

sugar 

C of crude 
fiber 

Cof 

respi 

ration 

loss over 
gam 

mined 

sub 

stance 


sm 

sm 

sm 

gm 

sm 

sm 

sm 


7 

0 2225 

0 0657 

0 0305 

0 0219 

0 1117 

0 1241 

0 2833 

43 per cent (cellu- 
lose 44 4 per cent) 

8 

0 1813 

0 0606 

0 0600 

-0 0533 

0 1751 

0 0601 

0 3241 

18 5 per cent 

11 

0 1778 

j 

— 

0 0236 

-0 0132 

0 1730 

1 

—0 0056 

! 

0 0887 

Too much CO 2 (from 
fermentation?) 

12 

0 0980 

— 

0 0223 

-0 0075 

0 1623 

-0 0790 

— 

(( (t 

13 

0 0039 

0 0414 

0 0232 

-0 0108 

0 1451 

-0 1132 

0 0713 

<1 It 

17 

0 897 


0 3156 

0 0268 

0 3633 

0 1813 

0 1527 

(No fermentation 
possible) 


so expressed) and crude fiber formed and the C of CO 2 produced 
To be perfectly fair to the experiment, the C of crude fiber has been 
deducted where the analysis shows a decrease The attempt is not 
\ci>' successful and for this reason the balance is called a “tnal bal- 
ance ” It IS instructive only as shownng the points at which the 
technique must be impro\ ed in future studies of this character In 
Expenment 7 (first of the table), the carbon of fat and protem disap- 
pearing exceeds the carbon of sugar and crude fiber formed and of CO: 
produced by a substantial amount The undetermined substance 
indicated by the anahsis as haMng been formed comes to 0 2833 gm , 
and dmding the excess carbon by this weight, an indicated percentage 
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for the undeterrmned substance of 43 is obtained, which suggests a 
substance of about the composition of cellulose (44 4 per cent) In 
Eipenment 8 it is possible also to calculate an cveess by deducting the 
C of crude fiber, which decreased, instead of adding it to the nght hand 
side of the balance, but the indicated percentage of carbon for the 
undetermined matter is only 18 5, which does not agree with the C 
content of any possible mtermediary substance Without deduction 
of the C of crude fiber the carbons of the two sides almost balance, 
but this leaves none for the undetermined residue The next three 
experiments all show an excess on the side of C compounds formed, 
which we can only attribute to production of too much COj by fermcn 
tation m the beans which failed to germinate, or havmg germmated, 
failed to grow Experiment 17 gives a poor balance on this basis, 
but as wdl be seen below, it agrees with No 7 on the basis of the ratio 
of C to Os 

To account for the r q found m Experiment 7 we may proceed as 
follows We may imagme cane sugar to be formed from the nanoleic 
acid bj the reaction 2Cis Hit 0» + 14 Oi = 3 Ci On + H 0 The 
amount of C found m the invert sugar was 0 0305 gm (Table V) 
This would require (448 432 x 0 0305) 0 0316 gm Oi Like 
wise we may assume that crude fiber (cellulose) is formed by the 
reaction Cn Hh Oj + 7 0 =3 C»H>oO, + 2 H 0 The amount of C 
m the fiber formed was 0 0219 gm This would require 0 0227 gra Oi 
The C of the respiration found was 01117 gm If this all came from 
the fatty acid by the reaction 3 Cu Hj, 0) + 75 Ot =■ 54 COi + 51 H 0 
It would reqmre 0 414 gra Oi and would produce 0 4095 gm COi.whicli 
itself would give the R Q 0 4095/0 414 X 8/11 = 0 719 Adding the 
oxygen necessary for formation of the sugar and cellulose we get a 
total of (0414 + 0 0316 + 0 0227 = 0 4683 gm and this would give 
an R Q of 0 4095/0 4683 X 8/11 = 0 636 Since the R q found was 
0 53, we may be certain either that some sugar was oxidized to give 
the CO (C) found in the air or that O'o'gcn was used also for produc 
tion of the undetermmed substance There remains of the C of fat 
which disappeared 0 2225 — (0 1117 + 0 0305 + 0 0219) « 0 0584 
gm and to give an R o of 0 53 wath the COj found we require in addi 
tion to the Os already accounted for 0 0936 gm Therefore it is not 
unreasonable to suppose this amount of oxygen has combined with 
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0 0584 gm C to produce the undetermined substance, which is some- 
what suggestive of arabonic acid, an oxidation product of arabinose 
It IS mterestmg to find that if sugar and cellulose formation and com- 
bustion of fat were to take place m the proportions of the reactions 
postulated above, j e 2 mols of CigH 3403 to cane sugar, 1 mol to cellulose, 
and 3 mols for combustion, we should have 54 mols CO 2 produced and 
96 O 2 absorbed which would give an r q of 0 562 
If C from protem m shght amount were used to produce either cane 
sugar or cellulose as assumed in the tnal carbon balance of Table V, 
the argument would not be altered and the r q would not be greatly 
affected If all the glycerol of the ncinolein were transformed to 
sugar instead of being oxidized the quotient would be diminished as 
indicated below 

If the entire fat molecule were oxidized, we should get 
Cs Hs (C,8 Hjj OjIj 78 5 O2 = 57 CO, 52 HjO 


57 CO, 
78 5 0. 


0 726 E Q 


But if the fat were first hydrolyzed, the fatty acid only oxidized, 
and the glycerol converted to glucose, we should have 

3 (C« Hj4 0,) 75 0, « 54 CO, + 51 HjO 

2 CjHsOj -f 0. = CcHijOj 4- 2 H-O 


54 CO, 

75 0,4-0502 


== 0 715 EQ 


In the case of Ex^penment 17 we get the following carbon balance 

C of fat disappeanng 0 897 gm 

C “ sugar formed 0 3156 gm 
C “ fiber “ 0 0268 “ 

C “ respiration 0 3633 " 0 ^^^7 

Excess C ® S”’ 


Computing the O 2 necessary for formation of sugar by the reaction 

2 C„Hj, 0 , 4 - 14 o. = 3C,.H~0u 4 - If O 
ncmoleic acid cane sugar 

as before, ve get 0 3273 gm and for foimation of crude fiber by the 
reaction 

Cl! H 4 0, 4- 70. = 3 Cl Hio Oj 4- 2 II O 


T,e get 0 027S gm 
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The oxygen necessary to form the COi of the respiration (1 332 gra ) 
by regular combustion of the ncmolem would be I 33-1 gm with the 
regular r q of 0 726 If we add the oxygen necessary to form the 
sugar and cellulose (crude fiber) found (see above) we get a total of 
1 689 gm Oi which with the COj found in the respiration bottle would 
give an RQ of 1 332/1 689 X 8/11 = 0S74 The actual RQ, 
however, was 0 476 and mth 1 332 gm COj this would require a total 
of 2 035 gm * Oj or a surplus of 0 346 gm which presumably has com 
bmed with the excess carbon of 0 1913 gm to form the undetermined 
substance The proportions arc again suggestive of an oxidation 
product of pentose 

The evidence adduced from these calculations and correlations is 
not at ah conclusive for the chemical nature of the undetermined 
residue It is presented merely as indicative of a direction m w hich to 
apply further chemical search 

Retunung to the analytical results we call attention to the fairly 
close agreement with the analyses of Maquenne (5) and Deleano 
(6) also on the castor bean, and especially to their onginal discoteir 
of the increasmg percentage of undeterminable residue which we have 
confirmed The significance of this residue in the problem of con 
version of fat to carbohydrate they apparently did not appreciate 
We have not been able to confirm the presence of lactic acid by Uficl- 
mann*s reagent or the thiophene reaction No starch has been found 
except in the later stages studied and then onlj in the hypocot>l and 
rootlets 

The chemistry of the germinating fatty seed is far from complete and 
until much more is hnown about it the details of the transformation 
of fat to carbohydrate cannot be filled in Of the occurrence of this 
transformation in the castor bean, however, we no longer entertain 
any doubt 


StmUARy AND CONCttlSrONS 

1 Analyses for fat (ether extract), protein (N X 6 25), sugar includ 
mg glucose, crude fiber, and ash have been made on all stages of the 
germinating castor bean up to 250 mm length of hjpocotj 1 and root 
system 

• This IS verj dose to the total octujD) found h\ analiuis of the air 
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2 There is a continual decrease in the amount of fat present in the 
whole genninatmg seedhng, and a continual increase in the amount of 
sugar up to about 40 per cent (dry -weight) at a hypocotyl length of 
80 to 140 nun , after which it decreases as crude fiber (cellulose) in- 
creases The most rapid decrease in fat content coincides roughly 
■with the most rapid increase of sugar 

3 The carbon balance between fat loss and carbohydrate (including 
fiber) gam is not at all close, except at the very beginning of growth 
An undetermined residue occurs, which increases steadily along with 
the total carbohydrate and accounts for more and more of the carbon 

4 The protein content which in the ungerminated bean is about 26 
per cent, at first falls a httle and then rather steadily increases to 
reach nearly 35 per cent (dry) at the last stages studied The most 
plausible explanation of this is the occurrence of more and more vola- 
tile substance which is lost m drying 

5 The ash increases irregularly but m the end shows about the 
same ratio of increase as the protein 

6 Respiration studies on several lots of these beans at different 
stages of germination exhibited the same low respiratory quotients as 
reported in Paper I Comparing their composition at the end of the 
respiration penod -with that of corresponding stages when the period 
began, the chemical change can be compared -with the respiratory ex- 
change 

7 A tnal balance of all the carbon changes including the respira- 
tory carbon and protein carbon is not very satisfactory, because of our 
Ignorance of the undetermined residue 

8 The respiratory quotient found can be accounted for quite 
satisfactonly on the assiunption that two out of six molecules of ncino- 
leic acid are converted to cane sugar, one to cellulose, and three are 
oxidized 

9 The oxygen needed to produce the quantities of known carbohy- 
drate found, added to that used for combustion, and the total sub- 
tracted from the observed loss from the respired air yields m two 
experiments a quantity which, combined vath the excess carbon, sug- 
gests that the undetermined substance may be an oxidation product 
of pentose 
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THE CRYOSCOPIC METHOD FOR THE DETERMINATION 
OF “BOUND WATER”* 

By ROSS AIKEN GORTNER and WILLIS ALWAY GORTNER 

(From Ihe Division of Agricultural Biochemistry, The Umversity of Minnesota, 

Si Paul) 

(Accepted for publication August 24 1933) 

In 1922 Newton and Oortner (1) put fonvard the hypothesis that 
at least a portion of the water associated with the hydrophihc colloids 
m plant tissues was in a “bound” form, in which form it exhibited 
physicochemical properties which would serve to differentiate it from 
the “free” water of the vacuolar sap It was suggested that bound 
water might be unavailable for the solution of sucrose and accord 
mgly a method for the estimation of such bound water was proposed 
which consisted essentially m first determining the freezing pomt of 
the solution which contamed the hydrophihc colloid and dcnotmg 
this value as A An amount of the sol was then taken which con 
tamed exactly 10 gm of total water To this portion there was 
added 0 01 mole of sucrose and a second depression of the freezing 
point, designated Aa, was detenmned If all of the 10 gm of water 
were free to dissolve sucrose Aa should differ from A by the freezing 
pomt depression of a molar solution of sucrose which accordmg to 
Satchard (2) should be 2 085°, correspondmg to a gram molecule of 
sucrose hexahydrate dissolved m 892 gm of water 

The formula which Newton and Gortner proposed 

percentage of bound water — ■ ^ ^ X 89 2 (1) 

was tested by them on aqueous solutions of gum acacia and on certain 
plant saps and appreciable amounts of bound water were apparently 
demonstrated to be present 

This method has been extensively used by numerous plant ph>s- 
lologists — especially Newton and his coworkers (5^) and has 

•Paper No 1207 Journal Senes Minnesota Agncultunil Expenment StaUon. 
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of 0 9 per cent as given by Newton and Gortner The above two vanetics of 
wheat were non hardy, but m the case of Trtltam vulgare -var Mmhardt, a hardy 
species, recalculation also shows a ‘negative amount of ‘bound water to be present 
instead of 2 2 per cent as claimed 

Obviously, then the method employ cd by Newton andGortneris unsuited for 
the determmation of the amount of bound water m solutions and leads, m many 
cases to the impossible conclusion that a negative amount of water is actually 
bound ’ 

It must be admitted that GroUman is correct in his cnticism of 
Fonnula (1) in so far as it applies lo plant saps and to solutions coniainwg 
true solutes He was, however, unfortunate m concludmg that winter- 
hardy wheats do not show the phenomenon of water bmdmg, for the 
data which he selected for recalculation was taken from a table of 
data on greenhouse grown plants and in all published work emanating 
from this laboratory or from the laboratones of Dr Newton it has 
been expressly stated that there is no differentiation between winter- 
hardy and winter tender plants grown m the greenhouse untd after 
they have been subjected to a “hardenmg off” process by subjection 
to low temperatures for several days GroUman ’s calculations were 
made on data taken from Table 31 (8) of tender plants If he had 
recalculated the data m Table 32 (8) (cf Newton (9), p 31) his con 
elusions would not have been sustamed These data, together -with 
recalculations accordmg to Grolhnan’s Formula (2) are shown m 
Table I 

In the coUections of February 3 to 18 from the field we find that 
Super and Fulcaster wheats show no bound water These wheats m 
Minnesota or Alberta are non wmter hardy Konred showmg 3 65 
per cent of bound water is moderately -wmter hardy, Mmhardi with 
7 49 per cent of bound water is very wmter hardy T/te order in tlie 
table from Minhardi to Fulcaster is exactly the order of winter hardiness 
shown by field tests, so that the corrected Formula (2) of GroUman docs 
not change the essential conclusion that wmter hardiness in wheat is 
accompanied by something that is measured by this cryoscopic method 
and which has been designated as bound water The greenhouse- 
grown wheats were demonstrated to be in a wmter tender condition 
and agam the figures confirm this fact 

GroUman does not discuss the data for gum acaaa, merely noting 
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in tbe paragrapli quoted “with the exception of gum acacia ” It 
appears to us that this is a crucial exception Here the corrected 
formula does not apply and the onginal Formula (1) of Newton and 
Gortner is essentially correct In this colloidal sol appreciable 

TABLE I 


The Dclcrmimlton of Bound Water tn Ccrlatn Plant Saps and Lyophiltc Sols 

by the Cryoscoptc Method 


Matciia! used 
Leaves of 

Calculations by Formula (1) of Newton 
and Gortner 

Calcu- 

lated 

fay 

Formula 
(2) of 
Groll- 
man 

1 

e 

< 

1 

T 

W 

+ 

< 

1 

<s 

Bound nater 

U 

41 

a 

if 

§ 

s 



desrea 

degrees 

degrees 

degren 

per cent 

per sent 

Feb 3-18, 1922 

Slinhardi 

1 741 

4 226 

2 485 

0 400 

14 4 

7 49 

Collected from the 

Buffum 

1 719 

4 158 

2 439 

0 354 

13 00 

5 49 

open 

Turkey 

1 273 

3 612 

2 339 

0 254 

9 7 

1 4 10 


Kanred 

1 4611 

3 753i 

2 292^ 

0 207 

8 1 

3 65 


Super 

1 085 

3 279 

2 194 

0 109 

4 4 

-0 89 

! 

Fulcastcr 

1 202 

3 394 

2 192 

0 107 

4 3 

-1 60 

Trom greenhouse 

Mmhardi 

1 147 

3 284 

2 137 

0 052 

1 2 2 

-3 83 

Feb 10-16, 1922 

Super 

1 000 

3 106 

2 106 

0 021 

0 9 

-4 37 


Cactus (stems) 

0 505 

2 803 

2 298 

0 213 

8 3 

5 80 


Gum acacia sols 








1 per cent 

0 005 

2 147 

2 142 

0 057 

2 37 

2 32 


3 per cent 

0 013 

2 186 

2 173 

0 088 

3 61 

3 48 


5 per cent 

0 025 

2 221 

2 196 

0 111 

4 50 

4 37 


7 per cent 

0 034 

2 254 

2 220 

0 135 

5 42 

5 26 


10 per cent 

0 048 

2 294 

2 246 

0 161 

6 39 

6 IS 


amounts of bound nater are shown to be present regardless of how the 
data are calculated 

Grollman adds that a “negative” bound v.ater is an impossibility 
This conclusion m itself is not correct for, as Bull (10) has recently 
pointed out, a negathe bound water \alue is a necessarj-- corollary 
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when adsorption of solutes is greater than is adsorption of the solvent. 
If both solutes and water are adsorbed to the same extent then no 
bound water will be mdicated 

GroUman suggests that sucrose, regarding the solutions of which we 
know relatively httle, should be replaced by some electrolyte such as 
KCl, the solute behavior of which is relatively well known, and he 
finds in his studies of such systems httle or no bound water This 
findmg may simply mean that the more mobile K+ and Cl" ions are 
either preferentially adsorbed or equally adsorbed along with the 
water, whereas the non lomc and highly polar sucrose molecule is 
negatively adsorbed 

It should be added that it appears to the authors that the available 
data (c/ especially Newton and Martm (S)), showmg as they do an 
almost exact correlation between bound water values as determmed 
by the cryoscopic method and the biological response of plants to their 
environment as demonstrated by field tests, is strongly suggestive of a 
parallel, if not a causative, phenomenon, and this biological correlation 
must be accounted for before the bound water theory is thrown mto 
the discard on what appears to be more or less theoretical assumptions 

EXPERIMENTAL 

While considenng certam of the problems which have been noted, 
an alternative method of calculatmg cryoscopic data occurred to us 
GroUman nghtly suggests that the freezing point method may be 
subject to appreaable errors There are the random errors of individ 
ual detemunations and there are the errors of correcting for the 
ice which separates due to coohng below the true freezing point 
The correction for undercoohng 

A = A' - 0125O A' (3) 

where A « corrected freezing point 
A' — observed freezing point 
u — degrees undercoohng 

was used in aU earlier data published from this laboratory 

Tormula (3) assumes a specific heat for the sjatem which is identical 
with the specific heat of ivater, and assumes that aU of the heat of 



332 


DETERMINATION OE BOUND WATER 


crystallization is utilized to raise the temperature of the solution 
It also assumes that no heat exchange occurs between the system and 
its environment Obviously these are ideal conditions which may 
not be reahzed experimentally 

It appeared, therefore, preferable to discard these assumptions and 
to assume only that there is a Imear relationship between under- 
coohng and the observed freezmg pomt, which assumption appears 
to be well founded 

If then a senes of data is secured m which are recorded the observed 
freezing pomt (A') and the degrees undercoolmg (n) such data can be 
treated by the method of least squares to find the constants (a) and 
{b) for the straight hne which mathematically fits the data 

_ X(x) S(ry) - S(%-) 2(y) 

“ {2W1' - nZ(x^) 

_ 2(y)-»2(i;x) 

~ (sWr - «S(x=) 

vhcre x = u 
y = A' 

a — the true freezing pomt (t c a' where it — 0) 
b = tangent of the angle which the hne makes with the y axis 

Such a study has been earned out on aqueous solutions of molar 
sucrose and m/2 KCl, KBr, and KI and on these solutions containing 
3 or 5 per cent gum acacia AH solutions were awg/if molar The 
gum acacia was selected from clear pieces and shoivcd an almost 
ncghgible depression of the freezing point (0 024°) in a 5 per cent sol 
but the accepted true freezing points m Table II have been corrected 
for this slight depression The data are shown m Table 11 and Figs 
1 to 4 The Imes m the graphs arc those calculated by the method 
of least squares 


DISCUSSION 

Sex oral things are exadent from an inspection of the figures and 
Table II 

In the first place there is a relatixely large probable error for an 
mdixndual freezing pomt determination This error is probably 
larger m this senes of determinations than xxould be the case if the 
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senes were repeated After all determinations had been completed 
it was observed that there was a distmct hysteresis effect observable 
in the acacia data Those solutions which hadstoodforatime showed 
a shghtly different freezmg pomt scatter diagram than that shown a 
day or two previously by the same solution Three series of runs 
(on different days) on the same solutions of sucrose + 3 per cent 
acacia and two senes on sucrose + 5 per cent acacia are shown m 


TABLE n 

The True Freezing Point Depressions of Certain Solutions — loith and unlhout 
the Presence of Added Gum Acacia 


System 

L 

l| 

"5^ 

a 

e 

lo 

£> 

Hi 

|i 

"o 

I 

< 

"o 

o 

9 

< 

^3 85 

•a '2 -2 £ 

§ e 3 

|il= 

4. 

8 

o 

3 

ts 

ft 

■Sj 

y*=* 



dttrtn 

fattJfrU 

de^rret 

Jeptti 

Jepfts 

u/1 sucrose 

10 

2 058 



Qral 


u/1 sucrose + 3 per cent acacii 

19 

2 106 

0 0511 


2 132 


u/1 sucrose 5 per cent accaa 

21 

2 133 

0 W52 


2 152 

|i|j|ij 

u/2 Ka 

14 

1 (jOi 

0 0318 


1 679 


u/2 K.CI + 3 per cent acaai 

IG 


0 W09 

-0 024 

1 663 


m/2 KCl + 5 per cent acaaa 

24 

I 658 

0 0343 


1 674 

-0 005 

u/2KDr 

10 

1 699 

0 0361 


1 715 


u/2 KBr + 5 per cent acaaa 

11 




1 679 


U/2KI 

27 

I 675 

0 0399 


IBBil 


u/2 KI + 3 per cent acaaa 

10 

1 743 

0 0213 

igQ 

I 741 1 

iiiiiUI 


Fig 1, although all senes arc combmcd m the calculation of the con 
stants for the Ime 

That this is a hysteresis (colloid aging) effect is made certain by 
unpubhshed data on gelatin sucrose sj’stems secured simultancouslj 
with those presented m this paper Here the trend vas invanablj 
from posttnc amounts of hound water to iterative amounts iiith time 
This would indicate a progressiv c removal of sucrose from the solution 
by the gelatm Unfortunatelj we failed to Keep exact enough 
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Fio 2 Freezing point and undercooling data for jt/2 KCl solutions with and without the addition 
of gum acada 
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records of the en^^roIlItleDtal conditions of storage of these solutions 
to justify publishing the data AVe hope to repeat and extend the 
gelatin-sugar senes m the near future 
In the second place it is evident that the conventional undercooling 
correction Equation (3) does not yield entirely correct values This 
formula gives a shghtly curvihncar line vath tangents 0 0246 at « = 1 
and 0 0256 at The tangentsfoundmTablellare, withonlyone 

exception, greater than these, yielding a somewhat smaller true freezing 
point depression (A) than the theoretical correction for undercoohng 



In 1 I rccinK point ind undercooling data for m/2 KJBr solutions with and 
w itl out the addition of gum acacia 

would indicate Howe\cr, when the dtjrrracc in freezing point depres- 
due to the presence of colloid arc considered (Columns 5 and 7, 
1 bit II) the \alucs dcn\ed from the two methods of calculation arc 
rtn'''’ri ■'bit con^i'^tcnt AVe bclicxc, howetcr that the least squares 
^tilcd mtohing as it docs onl} cx-penmcntal data, is the preferable 
o’'t to r=c on rLisonabl} cxtcnsncscncs of data 

Ip ti t third pbee the data indicate a posifKC amount of bound water 
jn ^t.cro=e gum acacia <;y?tcms and a slightK nc^atnc amount in 
'•c-cp KCl a''o '’cac]’'-K}5r ct-ttms 'ilie acacia-KI s>stcm shows a 
taluc AATile the xalues art not great, we believe that they 
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are significant and actually represent positive and negative adsorption 
of the solvent by the coUoid with concomitant negative and positive 
adsorption of the solute, j e , the components of the solution are taken 
up differentially m hydrating the gum A depression of the freezmg 
point of 2 058° indicates a 1 106 molar solution Therefore the gram 
mole of sucrose is actually dissolved in 904 2 gm of water This 
corresponds almost exactly to a pentahydrate instead of the hexahy- 
drate of Satchard (2) The freezing point of the 3 per cent acacia- 
sucrose solution corresponds to a 1 132 molar solution or 1 gm mole 
of sucrose dissolved m 883 3 gm of water The 30 gm of gum acacia 
have accordingly bound 20 9 gm of water In a hke manner the 5 per 
cent acacia-sucrose system corresponds to a 1 147 molar solution in 
which 1 gm molecule of sugar would be dissolved in 871 8 cc of water, 
with the 50 gm of acacia binding 32 4 gm These values are small 
but consistent and indicate that each gram of the colloid has bound 
0 6 to 0 7 gm of water, assuming that no sugar molecules are ad- 
sorbed If sugar molecules are simultaneously adsorbed then the 
binding of water is greater In any event the 0 6 to 0 7 gm water per 
gm of this sample of gum acacia is a imnvnal value Newton and 
Gortner (1) report 3 61 per cent of bound water m a 3 per cent acacia 
sol and 4 50 per cent m a 5 per cent sol These figures, applymg 
GroUman’s correction (7) are 3 48 per cent and 4 37 per cent respec- 
tively Our present senes gives 2 09 per cent bound water for a 3 
per cent acacia sol and 3 24 per cent for a 5 per cent sol Considermg 
that we are deahng with different lots of commercial gum acacia the 
disagreement is not surprising Both sets of data indicate that the 
colloid gum acacia takes up water preferentially from a sucrose solu- 
tion, resulting m a concentration of the sucrose m the body of the 
hquid The water taken up is what Newton and Gortner designated 
bound water 

Theoretically, if the molecular orientation hypotheses of Hardy, 
Harkins, Langmuir, Adam, etc , have a basis of fact, and water mole- 
cules are oriented at sohd-hquid mterfaces, such water molecules 
must be more or less immobilized and have a reduced “activity " 
Such immobihzed molecules constitute the bound water of Newton 
and Gortner (1) 
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SUMMARY 

1 The criticisms by Grolhnan (7) of the cryoscopic method for the 
determmation of bound water as proposed by Newton and Gortncr 
(1) have been considered, and it is pomted out that even admitting 
the correctness of his contentions does not negative the conclusion 
that bound water values as determmed by the cryoscopic method 
parallel m a remarkable manner the physiological responses of plants 
to environmental condihons 

2 A new method of calculatmg the true freezing pomt of a solution 
IS proposed 

3 Gum acacia m aqueous sucrose solutions shows positive amounts 
of bound water to the extent of 0 6 to 0 7 gm of bound water per 
gram of gum 

4 Gum acaaa m aqueous solutions of KCl and KBr shows shghtly 
negative amounts of bound water, mdicatmg a preferential adsorption 
of the solute rather than the solvent 

LITERATURE OTED 

1 Newton R. and Gortner, R A 1922 Bat G<t , 74, 442 

2 Satchaid G 1921 J Am Chan Soc 43, 2406 

3 Newton, R , 1922 J Agrtc 50,12,1 

4 Newton R , 1924 J Agnc Sc 14, 178 

5 Newton, R and Martin W McK, 1930 Canod J Research 3, 336 

6 Newton, R and Cook W H , 1930 Canad J Research 3,560 

7 Grollman A 1930-31,/ Gen Physiol 14,661 

8 Gortner, R. A Outlines of biochemisto. New York John Wflc) and Sons 

1929 

9 Newton R., 1923, Rcjeorch Buff No 1 Coll Agric ,Unni Alberta 
10 BuU,H B, 1933-34 / Cen Physiol ,17, S3 



A 



THE INELUENCE OF THE MOLECULAR WEIGHT 
ANTIGEN ON THE PROPORTION OF ANTIBODY 
TO ANTIGEN IN PRECIPITATES 

Bv WILLIAM C. BOYD mid SANIORD B HOOKER 
(From the Evans Memorial, MassachuseUs Memorial Hospitals Boston) 
(Accepted for publicaboD, September 30 , 1033) 

Since the study by Wu, Cheng, and Li (JS) on the composition 
of the speafic preapitate in a hemoglobin antihcmoglobin system 
there have appeared several papers dealmg wth this important 
problem The antigens have included lodoalbumin (16), the pneumo 
coccus S HI hapten (S), R salt azo benzidin azo-egg albuimn (6), 
hemoglobm (1), horse serum pseudoglobulm (10), casein-diazo 
arsanilic aad (8), crystaUine ovalbumin (2), horse scrura-diazo- 
arsanihc aad, and others (H, 12) These studies have revealed 
that the composition of the preapitate is variable, depending upon 
the relative amounts of the tno components m a nuxturo, also, that, 
in some of the systems, the ratio of antibody to antigen at the “op 
timal," “neutral,” or “equivalence” point is fairly constant in a 
given system, even with sera of widely differing potenaes The 
reported ratios in different systems vary considerably, from 4 to 60, 
and m our current study of antihcmocy anin {Lvnuhis) ae have 
observed a ratio as low as 1 6 

The present note is an attempt to account for the observed ratios 
on a simple assumption, that at the cguivalcnce pomi the antigen mole 
cldc ts just completely covered by molecules of antibody In the cases 
to be discussed we suppose that the molecules of a gi\en antigen are 
of the same size and are molccularly dispersed Artifiaal compound 
antigens are omitted from consideration at present because of the, 
m general, madequate experimental data, and because of our very 
hraitcd comprehension of the influence of persisting unaltered or 
impaired native protein speafiatj, the effect of the number of arufiaal 
haptens per molecule and their distnbution, whether on the surface 
or inside the molecule, information as to the speafic volumes of 
341 
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gi\es the predicted ratio by weight If the “antigen” is not a protein, 
suitable correction— which -will be small— for the difference m specific 
volume should be considered ^ 

^ The derivation of this formula is as follow's consider three outer spheres of 
radius r', in mutual contact, on the surface of the inner sphere w’lth radius r and 
center at 0 Fig 1 represents the section by a plane through the centers of the 
inner and two of the outer spheres The points of contact yi, B, and C of the 
outer spheres with the inner sphere detennme the vertices of an equilateral spher 
ical triangle ABC on the surface of the inner sphere. It is, of course, impossi 
ble to show pomt C in the two-dimensional Fig 1 The area of this spherical 
triangle is not complete!} covered by the three outer spheres but since this is the 
closest paclang possible we ma> say that the area of this triangle, divided b> 
the sum of the portions cut out of the three outer spheres b} planes ABO, ACO, 
BCO (represented m the schematic Fig 2 by shaded areas), gives the area which 




Fig 2 


one outer sphere can cjfecltvely covxr 

This mcluded portion will be 3 X a/360® where o - the angle of the triangle, 
which can be computed by IHuilicrs formula giving the relation between the 
spherical excess and the sides 

to, E/i - yj/ tM, ) to,- 0^ 


where E ^ the spherical excess of the tnangle (sum of angles — ISO") and 9 the 
angle FOB, sm 0 = r /(r + r") - p/(l + a) where p - r'/r so that 
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The L-hemocyanm we have used was kindly furnished by Professor 
Redfield and is considered to be of high punty, it was repeatedly 
preapitated at its isoelectric point, different samples thus prepared 
have given nearly identical analytical figures The equivalence 

TABLE I 



H 


Fig 3 Calculated rclaUon between ratio bj weight (R) and molecular weight 
of antigen (3f) 

point was determined by that optimal particulation method in which 
antigen is the variable, and we measured the nitrogen present in the 
preapitate obtained in the zone of slight antibody excess 

The table gives the companson between calculated and observed 
ratios The number of systems concerning which data arc available 
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IS small, but practically the extremes of molecular weights of antigens 
are represented, together with some of the important intermediates 
The graph provides a means of predicting the ratio to be expected 
when one is using an antigen of known molecular weight, and, if the 
assumption is correct, one nught approximately estimate the molecular 
weight of any pure antigen or precipitable hapten 

DISCUSSION 

Since the present accuracy obtained m determinations of antibody- 
antigen ratios did not seem to demand it, we have here taken no 
account of the fact that, m nature, N of course should always be an 
integer — and presumably also a multiple of 3, smee globulm = 3 X 
34,500, instead we have used without modification the results of the 
formula in which iV' is a continuous function of p If globulm is 
assumed to be a single sphere there are large discrepancies between 
observed and calculated ratios The latter are too high Possibly 
there is some flattening of the adsorbed antibody molecules which 
would account for this, but we are too ignorant of the subject of 
molecular distortion to deal with it m this connection 
The molecular weight of 4,000 for S ITT is chosen as a fair mean 
of the values obtained by Heidelberger and Kendall by various 
methods (7) 

The figures for hemocyamn, in spite of the close check, should not 
be given too great weight, as our work on that system is incomplete 
Due apparently to the fact that the preapitate is more dissociable 
than those from other systems, comparatively large corrections had 
to be applied to the analytical figures Analysis for copper m the 
preapitate indicated that only about 90 per cent of the hemocyamn 
was thrown down in this zone of slight antibody excess The fact 
that L-hemocyanm was not found to be exactly sphencal is probably 
of less importance 

The hemoglobm ratio, denved from the observations of Wu, Cheng, 
and Li, is assigned only tentatively They did not exactly determine 
the point of equivalence but it would appear that their measurements 
were made in a zone closely neighbonng neutrality Some of Breinl 
and Haurowitz’ (1) data are similarly concordant 
The greatest discrepancy occurs m the case of pseudoglobulm 
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It seems possible to us that the low observed ratio could be due to 
failure of a part of the added protem antigen to precipitate, ive had 
this informative experience in connection with as yet unfinished vork 
on crystalhne lactalbumin It should be emphasized that the assump- 
tion that all of a portion of protem antigen added to an excess of 
antiserum enters into the preapitatc is, in the absence of a chemical 
“marker” on the added protein, extremely perilous One has no 
assurance that all of the antigemc “nitrogen” is immunologically 
active Further, m view of the difSculty of separatmg the scrum 
globulms and of preparmg specific “umvalent” sera for them, it is 
qmte possible that the globuhn preparation, although entirely active, 
may be but partially homologous to the antiserum employed Indeed, 
m globuhn systems, we have repeatedly observed tvo optima between 
which antigen was present m large excess m the supernatant fluids 
We were therefore unable to estabhsh any reliable antibody antigen 
ratio 

In addition, our own calculations regarding pseudoglobuhn, as 
antigen, are none too consistent The ratio 7 3 is amved at by 
considering the molecule to be sphencal When computations arc 
based on the assumption that it is an aggregate of three spheres 
(3 X 34,500) the ratio is 10 or 11 dependmg upon bow the antibody 
spheres are supposed to onent themselves around the antigen The 
situation IS deadedly unsatisfactory, but demands discussion 

A further substantiatory indication of the influence of antigenic 
molecular weight upon the antibody antigen ratio is afforded bj the 
relative magnitudes of limiting titres determined by the antigen 
dilution method The notoriously active pneumococcus poljsac 
chandes still react visibly when diluted several million fold, homo 
cyanin, according to our observations, had a limiting titrc of about 
300,000 in tests with sera of an antibody concentraUon (2 to 3 mg /ml ) 
similar to that possessed by many antipncumococcus sera It is 
obvious that progressive dilution would reduce the number of mole 
cules below the effective preapitating concentration (assuming equal 
dissoaation constants) much sooner m the case of hemocyanm than 
with S in, an equivalent weight of which would contain some 500 
times as many molecules 
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SUMMARY 

The assumption that, at the equivalence pomt m specific precipitm 
reactions, the antigen molecule is completely covered with a single 
layer of antibody-globulm molecules has been shown to account fairly 
well for the antibody-antigen ratios of some representative native 
single proteins, and the pneumococcus S III hapten 
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BACTERIAL CELL METABOLISM UNDER ANAEROBIC 
CONDITIONS* 


By H. H WALKER C E A WINSLOW ant> M GRACE MOONEY 
(From the Dcpariment oj PuUtc Eealth, The School of Mcdtcine, Yale Vmvcrsxty 
New Baven) 

(Accepted for pubbcation, November 1, 1933) 

Objectives 

Since the days of Pasteur it has been known that under anaerobic 
conditions microorgamsms display speaal poners of attacking carbo- 
hydrate molecules As a rule, however, such observations have been 
made on mass cultures with no knowledge of the actual number of 
cells concerned In the ordmary routine bactcnological tests for 
fermentation, even the amount and type of gas produced is only 
conjectural since the changmg reaction of the medium influences 
to an unknown degree its power to absorb gaseous substances and to 
diffuse them from its free surface into the atmosphere Where this 
error has been avoided expenments have usually been conducted in 
closed vessels in the presence of accumulating waste products of 
metabolism which produce highly abnormal conditions 

In other contnbuUons from this laboratory (W^alkcr and W^inslow, 1932, 
Walker, Winslow, Huntington, and Mooney (1934)), data have been presented with 
regard to the metabohe activity of EscJtcrichta coh m media continuousl> aerated 
i\ith air which had previously been freed from ammonia and carbon dioxide 
Simultaneous determinations of the population present made possible computa 
tions of jaeld per cell per hour Such a method of cultivation presents far more 
favorable conditions for the study of bacterial metabolism than the ordinary 
procedure of growmg them in closed flasks smee it rcmo\cs at least the volatile 
waste products of their life processes It was found, in the first stud) cited, 
that the addition of lactose to a peptone water medium caused a marked decrease 
in the )ield of ammonia (per cell per hour) but that the yield of carbon dioxide 
remamed substantially unaffected 


* This stud) was assisted b) a grant from the Research Fund of the Yale School 
of Mcdicme 


349 



350 


BACTERIAL CELL METABOLISM 


In the second of the two papers cited we showed that the effect of glucose was 
the same as that of lactose The addition of this sugar to the peptone water 
medium again showed a protein-sparing action, but the yield of carbon dioxide 
per cell was also reduced, —although much less so than the yield of ammonia 
Thus, in a medium rendered highly aerobic by bubblmg air through it, metabohe 
activity as measured by CO 2 production remains substantially unaffected by the 
addition of carbohydrates 

The purpose of the present study was to obtain similar quantitative data for 
cultures maintained under anaerobic conditions by bubblmg through the media 
nitrogen instead of air 

Technique of Present Study 

The culture employed in all our work was the same strain of Escherichia colt 
used in previous studies The media were peptone water (1 per cent Difco-Bacto 
peptone) and glucose peptone water (1 per cent Difco-Bacto peptone plus 0 5 
per cent Baker’s c p glucose) In our routine experiments, the bactena, washed 
off from 12-18 hour agar slants were filtered through paper and added to the 
medium in Drcschcl bottles to give an initial count of about 10 miihon organisms 
per cc Duplicate inoculated bottles and a third uninoculated control were 
placed in a water bath at 37®C The bottles were connected with the COr 
absorbent portion of the aeration tram of Walker as modified by Walker, Wms- 
low, Huntington, and Mooney (1934) Instead of the an used m the earlier ex- 
periments, nitrogen gas was bubbled through the bottles for half an hour before 
inoculation and then for 6 hours after moculation The gas was delivered from 
a cyhnder of nitrogen provided with a needle valve and on the culture mlet side 
of the tram was placed as before a Milhgan spiral gas-washmg bottle filled with 
KOH for the absorption of CO 2 , and the other purification tram units,— HoSO^, 
wash water, and indicator 

Portions were withdrawn from the medium each hour for plating and for the 
determination of the carbon dioxide content of the medium by the use of the fine- 
bore blood gas apparatus of Van Slyke and Stadie (1921), while the carbon dioxide 
earned off in the gas tram was quantitatively absorbed by a Brady-Meyer absorp- 
tion tube and controlled by a Bowen potash bulb,— both contammg Ba(OH )2 
The methods of absorption and determmation are described m another paper 
(Walker, Winslow, Huntington, and Mooney (1934)) The technique was in all 
respects the same as that employed m previous studies except for the replacement 
of air by nitrogen in the gas train and except for the fact that the experiments 
were contmued for 6 hours instead of 4 or 5 

KESXILTS 

Our new results with the use of the nitrogen tram are presented 
in Tables I and II The figures for bactenal numbers and for cumula- 
tive yield of CO2 are in all cases the average of eight different deter- 
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minations The individual tests checked each other reasonably well, 
as indicated by the probable errors of the means in the table Tor 
bactenal counts, the probable errors were generally about one tenth 

TABLE I 


Groulh and Carbon Dioxide Yield in Peptone Water through WhicJi Nttrogat Was 
Continuously Bubbled 


Age 

B&cteru miUimsferee 

COj yield 

Actual 

Log 

lacteaent 

Cumulative 

total 

Rate per cell 
perbt doling 
prcviotu interval 

kts 



i mt per lOO u 

per 100 tt 

ffif X 

0 

11 4 d~ 1 2 

1 057 




1 

10 4 1 2 

1 017 

0 40 ± 0 17 

0 40 

42 

2 

10 4 0 8 

1 017 

0 28 db 0 07 

0 68 

27 

3 

18 8 2 4 

1 274 

0 95 ± 0 16 

1 63 

68 

4 

28 8 2 8 

1 459 

0 53 :h 0 22 

2 16 

22 

5 

32 3 5 2 

1 509 

0 48 d: 0 18 

2 64 

15 

6 

38 3 ± 4 7 

1 583 

0 51 d: 0 08 

3 15 

15 


TABLE n 


Growth and Carbon Dioxide Yield m Glucose Peptone Water through Which A ttrogen 
TT'oj Continuously Bubbled 


Age 

Bacteria mllllms per a 

CO.)1tU 

Actual 

Log 

Ineremeot 

Cumul t ve 
t Ul 

Rale per «n 
per hr during 
prrriou< Interval 

ht 



fiig per too ee 

tRf per too ec 

ms X 

0 

n 7 ± 10 





1 

11 1 ifc 12 




42 

2 

12 7 ± 14 




36 

3 

30 5 d= 6 3 

1 484 


2 95 

87 

4 

66 1 d: 14 6 


9 52 d: 2 18 

12 47 

211 

5 

142 4 d: 28 6 

2 153 

14 79 ± 1 13 

27 26 

188 

6 

151 7 rh 20 6 

2 181 

12 00 ± 1 71 

39 26 

94 


of the mean values and for COt increments generally Jess than one 
third the mean values These vanaUons do not affect the conclusions 
to be drawn The yields per cell per hour in the last column -were 
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obtained by the formula of Buchanan (1918) as employed by Walker 
and Winslow (1932) 

Influence of Air and of Sugar upon Growth 

The pertinent data with regard to bacterial multiplication are 
brought togetlier for comparison in Table III and in Fig 1 The 
columns headed ''Air" are from the data obtained by Walker, Winslow, 
Huntington, and Mooney (1934) for cultures through which air was 
bubbled, the columns headed "Nitrogen" are from Tables I and U 
of the present paper 


TABLE III 


Bacterial Growth in Peptone Water and Glucose Peptone Water through Winch 
Either Air or Nitrogen Wai Bubbled Continuously 


Age 

Bactena, tmUtons per cc 

An 

Nitrogen 

Peptone 

Glucose peptone 

Peptone 

Glucose peptone 

lirs 





0 

15 9 

17 3 

11 4 

11 7 

1 

14 5 

17 1 

10 4 

11 1 

2 

22 9 

44 5 

10 4 

12 7 

3 

85 3 

172 0 

18 8 

30 5 

4 

236 0 

585 0 

28 8 

66 1 

S 

655 0 

861 0 

32 3 

142 4 

6 



38 3 

151 7 


It will be noted that the cultures grown m a peptone water medium 
through which nitrogen was bubbled showed a long lag penod of 2 
hours and then a very slow rate of increase amounting dunng the 
period from the 2nd to the 5th hour only to a tnphng of the bactenal 
population Clearly, the organism studied is here markedly inhibited 
by anaerobic conditions The addition of glucose to this medium 
(still with a contmuous current of nitrogen) improved matters con- 
siderably The lag penod was again prolonged, but between the 
2nd and the 5th hours the population inaeased more than tenfold 
The presence of a fermentable carbohydrate as one would expect 
makes the peptone medium more satisfactory for anaerobic cultivation 
The media saturated with air instead of mtrogen are, however, far 
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more favorable The lag pcnod lasts only 1 to 2 hours, and the 
increase from the 2nd to the Sth hour is 20 to 30 fold The peptone 
glucose medium is again more favorable than that containing peptone 
alone, but the difference is relatively shght 



Tig I Bacterial counts under vanous conditions GP-A Glucose peptone 
medium through which air was bubbled P-A Peptone water medium through 
which air was bubbled GP-N Glucose peptone medium through which nitrogen 
was bubbled P~N Peptone water medium through which nitrogen was bubbled 

IttJIuciicc oj jdir and of Sugar upon Mclaholtsm 

Table IV and Tig 2 present corresponding data for the yield of 
COj computed per cell per hour 

It wll be noted that the bactena m the media saturated wath air 
behave in essentially the same fasluon ■whether glucose be present or 
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not They show a sharp nse m the rate of CO 2 yield during the 2nd 
hour, followed by a steady fall This is the phenomenon recorded 
in all our previous work 

When the medium is saturated with nitrogen instead of air there is 
a very prolonged metabolic lag penod, both in the presence and in the 
absence of sugar The rate of CO 2 production decreases slightly, 
instead of increasing greatly, dunng the 2nd hour Dunng the 3rd 
hour, however, there is a shght increase 
In the peptone medium, under these anaerobic conditions, the yield 
of CO 2 only reaches 68 mg X 10~‘^ per cell per hour dunng the 3rd 

TABLE IV 

Carbon Dioxide Yield tn Pcplonc Water and Glucose Peptone Water through Which 
Either Air or Nitrogen Was Bubbled Continuously 


Rate per cell pet hr during previous interval 


Ago 

Air 

Nitrogen 

Peptone 

Glucose peptone 

Peptone 

Glucose peptone 

hrs 

ms X/^^« 

ms X lO-u 

ms X I 0 -» 

ms 

1 

37 

43 

42 

42 

2 

123 

117 

27 

36 

3 

73 

63 

68 

87 

4 

SO 

35 

22 

211 

5 

22 

16 

15 

188 

6 



15 

94 


hour (about one-half the value recorded for the maximum hour m 
the aerobic cultures) and then falls off 

In the anaerobic medium contaimng glucose a fundamental change 
m metabolism sets in after the 3rd hour The yield of carbon dioxide 
per cell per hour, instead of falhng off as m the peptone medium, 
shoots up to the enormous value of 211 mg X lO-^i per cell per hour 
Clearly, at this point true anaerobic decomposition of the carbohydrate 
IS going on, at a rate nearly double the maximum recorded in any of 
our aerobic expenments 

It has been pomted out m another communication (Walker, Win- 
slow, Huntington, and Mooney (1934)) that vanations m metabohe 
yield per cell per hour may in part be accounted for by vanations m 
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cell volume at different phases of the life cycle This problem we are 
now studymg In the present instance, another possible factor sug 
gested itself Might the high yields of carbon dio-^idc per cell in the 

220 

200 

160 

I 60 

140 

e 

's 120 

X 

o 

S 100 

60 

60 

40 

20 

0 

Tic 2 Yield of COj per cell per hour GP-A Glucose peptone medium 
through which air was bubbled P—i Peptone water medium through which 
air was bubbled GP-N Glucose peptone medium through which nitrogen was 
bubbled P-N Peptone ^-atcr medium through which nitrogen n-as bubbled 

anaerobic peptone glucose medium be due to wholesale death of the 
bactena and libcraUon of COj from dead and dying cells which would 
not, of course, appear m the plate counts? This seemed inherently 
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unlikely, but the possibility was suggested m part by an apparent 
increase in culture turbidity adjudged from long expenence to be m 
excess of the population growth as shown by plating To determine 
whether such was the case, check determinations were made by direct 
microscopic counts, using the differential stain of Proca-Kayser 
(Kayser, 1912) which is designed to distinguish between living and 
dead cells These control determinations checked closely with the 
plate counts and also showed an inappreciable number of dead cells 
to be present 


CONCLUSIONS 

Escherichia colt has been cultivated in a peptone water medium 
saturated continuously with nitrogen by use of a gas tram so as to 
produce anaerobic conditions Under these circumstances growth 
was greatly inhibited Cultures which originally contained 11 milhon 
bactena per cc showed on the average only 32 milhon after 5 hours 
(as compared with 655 million in similar cultures saturated with air) 

The metabohe activity of the cells in such a culture was greatly 
reduced by the anaerobic conditions It actually fell off from 42 mg 
X 10““ per cell per hour dunng the 1st hour to 27 mg dunng the 
2nd hour and rose only to a maximum of 68 dunng the 3rd hour 
Similar cultures saturated with air showed a nse imm 37 mg X 10"“ 
dunng the 1st hour to 123 dunng the 2nd hour 

The addition of glucose to the medium, under aerobic conditions, 
has been shown m previous studies to cause only a shght increase 
in bactenal numbers (861 instead of 655 imllion after the 5th hour) 
In the cultures aerated with nitrogen, the addition of glucose has no 
effect dunng the first hours There is again a long lag penod and a 
reduced metabolic rate After the 2nd hour, however, a wholly 
different phenomenon manifests itself The bactenal population 
increases more rapidly than in the anaerobic peptone medium (reach- 
ing a maximum of 142 milhon after 5 hours) This growth is accom- 
panied by an enormous mcrease in the rate of CO 2 yield, which reaches 
211 mg X 10"“ per cell per hour dunng the 4th hour (nearly double 
the maximum values recorded under aerobic conditions) The same 
phenomenon is, of course, illustrated by the enormous yield of CO 2 
produced by the action of fermenting organisms in carbohydrate 
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media recorded by Anderson (1924) and other students of the obligate 
anaerobes We have here, however, a somewhat striking illustration 
of the distinct type of metabohe activity mamfested by a facultative 
orgamsm under anaerobic conditions in the presence of sugar measured 
on a cell per hour basis This is a quantitative illustration of the 
“life without air” desenbed by Pasteur 
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CRYSTALLINE PEPSIN 

VI Inactivation bv Beta and Gamma Rays rRoir Radidm and 
BY Ultra-Violet Light 
B v JOHN H NORTHROP 

[From the Laboratories oj The Roclefeller JnsMute for Medical Research, 
Princeton, N J) 

(Accepted for pubbcaDon, September 28, 1933) 

Previous work (1) has shown that when solutions of crystalline 
pepsm are inactivated by alkali or by heat the loss in aetivity is 
exactly proportional to the loss of native protein These expemnents 
confirm the idea, therefore, that the native protein molecule is the 
active enzyme Proteins are denatured (2) by exposure to radium 
or to ultra violet bght and it is also known that pepsin solutions (3) 
are inactivated under these conditions Inactivation of the enzyme 
by radium or ultra violet light, therefore, furnishes another method 
of testing the relationship between the protein and the active molecule 
If the protem molecule itself is responsible for the activity then any 
loss m activity must be accompanied by a corresponding decrease 
ui the protein On the other hand, if a hypothetical, active molecule 
IS merely assoaated with the native protein there is no reason to 
suppose that the rate of inactivation of the active molecule would be 
the same as the rate of denaturation of the protein The inactivation 
of pepsin solutions has been studied from this pomt of vnew and it 
has been found that the loss in acUvity is just proportional to the 
loss m native protein when the enzyme is inactivated either by radium 
or by ultra violet light These results, therefore, furnish additional 
evidence in favor of the idea that the protein molecule itself is re 
sponsible for the activity 

experimental results 

I Decrease tn Aclimty of Prokin Nitrogen of Pepsm Solutions Exposed 
to Radium Bromide at pJI S 0 and (PC 

The results of an expenment in pepsin solutions of \an 0 u 5 

concentraUons ^vere exposed to the radiaUon of 100 mg of radium 
359 
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that the first step 2 n the reaction is the formation of denatured protein 
The rate of denaturation under these conditions, howev er, is extremely 
slow and the denatured protein, if present, would undoubtedly be 
digested by the remammg active native protein as rapidly as it was 
formed and so does not accumulate in the solution 

Effect of the Coitccntratwn of Pepsin 

Below about 0 05 mg nitrogen per ml the per cent inactivated is 
nearly constant, while in more concentrated solutions the actual 
quantity inactivated is approximately constant Similar results were 
obtamed by Hussey and Thompson (3) They indicate that, under 
the conditions of the expenment most of the energy is absorbed by 
0 05 mg mtrogen per ml so that increasing the concentration beyond 
this point does not have much effect upon the number of protein 
molecules mactivated 


Experimental Procedure 

A solution of three times crj-stallized pepsm was prepared m pH 5 0 k/ 20 acetate 
buffer and dfluted to the concentrations noted in the table with n/ 20 acetate 
buffer 25 ml of this solution was placed in a 1 5 cm centnfugc tube and a glass 
tube (with 0 5 mm walls) containing 100 mg of radium bronude suspended m 
the center of the solution The tube was kept m the ice box at 0 C and 1 ml 
samples remo\ed and analyzed for protein nitrogen and activity as noted in the 
table 

Actmiy Dcterminalions —The activity determinations were made with licmo- 
globm bv the method of Anson and Musky (4) 

Protein Nitrogen Determination — 1 ml of solution added to 5 ml of 5 per cent 
boiling trichloracetic aad, the prcapitatc centnfuged and washed three limes 
with 5 per cent tnchloraccticacid, and total nitrogen in the precipitate determined 

Test for Denatured Protein —I ml of solution added to 10 ml of n/ 2 sodium 
sulfate and n/ 20 sulfunc aad Any denatured protein prcapitatcs under these 
conditions and some of the samples which had been almost compIcteU inactivated 
gave a shght cloud. The amount of denatured protein w’as, however, too small 
to determine 

II Inactivation by Ultra Violet Light 
A Changes in Protein Nitrogen and Activity of Pepsin Solutions at 
Vanotts pH Exposed to Ultra Violet Light 

The results of an expenment in whidi pepsin solutions at vanous 
pH were exposed to light from a mercurj arc arc shown in Table H 
As in the case of radium inactivation practically no denatured protein 
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alkaline The pH corresponding to the maximum rate of inacti\ ation 
agrees with that found by Collier and VVastcncys (5) and is shghtly 
less aad than that reported by Pincussen and Vehara (3) The 
reaction follows approximately a monomolecular course, as shown in 
Fig 1, m which the log of the activity is plotted against the time 
in hours 

Experimental Procedure 

A solution of three limes crj'stalhzed pepsin was prepared in n/ 20 pH A 65 
acetate It contamed 2 S mg protein nitrogen per ml 1 ml of this solution 
was diluted with 25 ml of the buffer noted m the table and the pH determined 
25 ml of the solution was placed m 1 enu quartz test tubes arranged in a semi 
carde around a Genera] Electric Tab-Arc’ at a distance of 8 5 cm from the arc. 
The lamp was operated on 110 volts A c. and 1 8 amperes and was allowed to run 
1 hour before the experiment was started The acUvit> and protein nitrogen 
were detenmned as described for the radium experiments except that with very 
dilute pepsm solutions it was necessary to use 5 mb for the protein mtrogen 
detenmnation Control tubes contamiog 25 ml of the solution m glass test tubes 
were placed beside the quartz tubes There was no change m acUvitj or protein 
nitrogen m the solution in the glass tubes showing that the inactivation was due 
entirely to ultra violet bght The temperature of the solutions was 1S*C The 
positions of the quartz tubes were mterchanged at intervals of about 20 minutes 
so that any local variations m the bght mtcnsitj were distnbuted Special control 
experiments showed that the rate of inactivation was the same in the vanous 
tubes 

The analytical work was done by Mr Nicholas Wuest 
SUMMARY 

1 The loss in activity of crystalline pepsin solutions when erposed 
to beta and gamma rays from radium or to ultra violet light is accom 
panied by a corresponding decrease in pepsin protein 

2 The rate of inactivation by ultra violet light depends upon the 
pH and is a maximum at about pH 2 0 
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MOLECULAR WEIGHT, MOLECULAR VOLUME, AND 
HYDRATION OT PROTEINS IN SOLUTION 

Bv M KUNITZ If L. ANSON and JOHN H NORTHROP 
{From the Laboratories of The Rockefeller Institute for Medical Research Princeton 
N J) 

(Accepted for publication, October 13 1933) 

The gram molecular weight and volume of a dissolved substance may 
be calculated from the osmotic pressure of the solution Osmotic pres 
sure IS affected only shghtly by hydration and so furnishes no prcase 
information as to the size of the hydrated molecule as it exists m a 
solution The radius of the hydrated molecule m solution, and hence 
the gram molecular volume of the hydrated solute, may be determmed 
from diffusion measurements The difference between this figure and 
the gram molecular volume, as found by osmotic pressure, therefore 
represents the amount of hydration The hydration maj also be cal 
culated from viscosity measurements These two independent methods 
for the estimation of hydration give essentially the same values for the 
hydration of crystallme hemoglobin and crystalline trypsm 

Molecular Weight from Ostnoltc Pressure 
The gram molecular weight of a substance in solution may be 
defined as that quantity of dry substance which, when dissolved m 1 
liter of solvent, gives nse to an osmotic pressure of 22 4 atmospheres 
at 0°C If the osmotic pressure of a solution is known, therefore, its 
molar concentration may be calculated Since there are 6 06 X 10“ 
molecules m a gram molecule the average weight of the mdividual 
molecules may be found if the weight concentration of the solution 
IS also known This figure represents the average dry weight of the 
individual molecules of solute for which the membrane is impermeable 
but furmshes no defimte information as to their size Solvation 
of the molecules mcreases their size but docs not change the number 
of molecules and affects the osmotic pressure onlj bj decreasing the 
quantity of free solv ent This decrease in the quantity of free solv ent 
365 
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is not noticeable expenmentally except in concentrated solutions 
or when the solvation is large 

Calculations of the molecular weight from osmotic pressure deter- 
minations involve the following assumptions ^ 

1 The system is at equihbnum 

2 The membrane is permeable to the solvent but impermeable 
to the solute m question 

3 The osmotic pressure is proportional to the concentration (van’t 
Hoff’s law) 

4 The molecules of solute are ail of the same size 

In the case of collodion membranes and aqueous solutions of pro- 
teins the first three conditions are fulfilled but the fourth may or 
may not be true The protem molecules themselves may vary in 
size and m addition they may be combined with small ions or molecules 
which are thus prevented from free diffusion through the membrane, 
as in the Donnan eqmlibnum In this case the osmotic pressure is 
due to both the protein molecules and the excess concentration of 
morgamc ions and the value calculated for the molecular weight 
represents the average of these various molecular species present 
The complication due to Donnan equihbnum may be avoided expen- 
mentally by measurements made at the isoelectnc point of the protem 
The effect of neutral salts also furnishes a test for the presence of such 
Donnan pressures 

Radtus of Molecules from Diftision Measurements 

The radius of the molecule detemunes the rate of diffusion m 
accordance with Emstein’s equation (1) 

RT 1 

^ N tirTT] 

R = gas constant 

T - absolute temperature 

N = Avogadro’s number 6 06 X 10^^ 

17 = viscosity of solvent 
r — radius of molecule 
molecular volume = 4/3 x r^N 


» For a discussion of the osmotic pressure of hemoglobin solutions see Adair, 
G S , Proc Roy Soc Londo7i, Senes A, 1928, 120, 573 
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Thus, if the diffusion coefiBaent of the solute is known the radius 
of the molecules and hence the gram molecular volume may be cal- 
culated This value for the radius represents the radius of the particle 
which actually moves in the solution and therefore includes any sohent 
earned with the molecule The followmg assumptions are involved 
m Emstem’s equation 

1 The diffusing particles are few and large compared to the mole 
cules of the solvent 

2 They are sphencal 

3 They are electncally neutral 

4 They are impelled by a force equal to the osmotic pressure as 
given by van’t Hoff’s law against a resistance as given by Stokes’ law 

As in the case of osmotic pressure the effect of ionization is the most 
important source of error with protein solutions The presence of 
charged molecules may again be tested for by determining the effect 
of neutral salts and of the pH If the molecules arc not of the same 
size a constant value for the diffusion coeffiaent will not be obtained 
but the value will deaease as the expenment proceeds since the smaller 
particles will diffuse out faster It is important, therefore, to continue 
the experiment until a large proportion of the solvent has diffused out, 
or better, to repeat the measurement on the first part of the diffusate, 
in order to be sure that the diffusion coeffiaent is actually the same for 
all of the solute Otherwise entirely erroneous values may be ob 
tamed The determination may be made conveniently and accu 
rately as described by Northrop and Anson (2) 

Calculation of Hydration from Osmotic Pressure and Diffusion 
Measurements 

If the osmotic pressure and the diffusion coeffiaent of a solution 
are known, then the degree of hydration of the molecules of the solute 
can be determined as follows 

Let ll be the gram molecular weight of the dissolved substance as determined 
from osmotic pressure measurements 
r the average radius of the molecules as determmed from dilfusion 
measurements 

S the specific volume of the dry substance 

then the gram molecular volume of hydrated molecules equals 4/3 r r^iV 
and the gram molecular volume of non hj drated molecules equals 5 M 
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Volume of water of hydration (if water is used as solvent) equals 

4/3 tti^N - S M 
and 

4/3 - S M 

3/ 

equals volume of water of hydration per gram of dry solute, or 

4/3 - S M 

N 

equals volume of water of hydration per molecule solute 

Dcfoimnakon of Hydrakon from Viscostiy Measurements 

An independent method for the determination of the amount of 
hydration of substance m solution is the measurement of viscosity (3) 
This method applies to the case of molecules or particles large as 
compared with the size of the molecules of the solvent and consists m 
determining the relative viscosity of the solution as compared with 
the viscosity of the solvent The volume of the solute may be cal- 
culated by aid of the empirical formula 

1 4* 0 5 <;() 

^ (1 - <}.Y 

where tj equals the relative viscosity of solution and cj} equals the 
volume of solute expressed as the fraction of the total volume of the 
solution The formula was found to hold well for a large number of 
solutions or dispersions of molecules of relatively large size 
The two methods of determining the degree of hydration were used 
here m the case of such substances as hemoglobm and crystallme 
trypsm, and the results show that there is quite a close agreement 
between the two methods 
The results are summarized in the following table 




Average radius of 

Water o{ hydration per gm dry wt 


weight 

hydrated molecule 

Osmotic pressure 
diffusion method 

Viscosity 

method 

Hemoglobin 

67,000 

2 73* X 10-^ 

cm ’ 

0 to 0 14 

cm • 

' 0 13t 

Isoelectnc gelatm 

61,500 

(5 4 X 10-’) 

(5 8) 

5 9 

Crystallme trypsm 

35,000 

2 6 X 10-’ 

0 54 

0 49 
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TecIimguc—OsmoUc pressure, Northrop and Kumtz (4), Adair (S), diffusion, 
Northrop and Anson (2) 

* Svedberg T {Colloid chemistry, American Chemical Society Jfonogniphs 
New York, The Chemical Catalog Co , 2nd edition 1928, 16S) obtains a value of 
00342an V<Ja> corresponding toamolecularradius of 3 35 X 10"’ cm. Svedberg s 
measurements were made while the molecules were movmgunder the mfluence of 
centrifugal force and the difference in the value maj be due to the fact that the 
molecules are not spherical In this case thej might be oriented in a gravita 
tional field and would therefore more through the hquid at a rate different from 
that determined by diffusion alone. 

t Adair and Kobinson (J Thysiot , 1931, 72, 2S) obtained a value of 0 2 ml 
water per gm hemoglobm from measurements of the water absorbed by the dry 
protem from ammoma sulfate solutions 

EXPERIMENTAL 

Hattoghbm 

Osmoltc Pressure — Measurements of Adair (5) 

Dijjttston — Northrop and Anson (2) 

Viscosity — ^Measurements were made of the viscosity at 5°C of 
various concentrations of CO hemoglobin m ii/20 phosphate buffer 
pH 6 8 usmg an Ostwald viscosimeter, spcafic \ olume of dry hcmoglo 
bm equals 0 75 

The data given in Table I show that the hydrapon of hemoglobin 
under the conditions of the experiment decreases with the dilution 
and IS about 0 1 ml per gm of hemoglobm at concentrations below 
2 per cent The diffusion expenments of Northrop and Anson were 
done under the same conditions of hemoglobin in the range of 1-2 S 
per cent The axpenments of Northrop and Anson show that at 
S°C the diffusion cocfFiaent for 2 5 per cent hemoglobm in n/ 20 
phosphate buffer pH 6 8 is between 0 0434 and 00401 em’/da) 
The calculated radius of the molecules is between 2 65 X 10"’ and 
2 86 X 10-’ Hence 4/3irr’A' equals between 47,300 cm ' and 59,500 
cm ’ Trom osmotic pressure measurements (AdairJ N ■= 67,000 
X 0 75 = 50,000 

Volume of iraler of hjalralion per mole bctifcen 0 and 9 500cm * 
grain " * 0 ‘ 0 14 on * 

Thus It IS seen that m the case of hemoglobin the amount of water of 
hj draPon per gram of protem, as obPiined b> aascositj measurements, 
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IS SO small as to be within the expenmental error of the diffusion 
measurements 


Crystalhne Try pstn 

Osmohc Pressure Measurements — ^Northrop and Kunitz (6) 
Dt^imon Measurements — Scherp (7) 

Vtscosity — ^Viscosity measurements of solutions of crystalline 
trypsin were made under conditions similar to those employed m the 
determination of the molecular weight of crystalline trypsm by means 


TABLE I 

Viscosity Measurements of CO-Hemoglohn, pB 6 S at 5°C 


Concentration 
of protein 

Relative 
density at S°C 

Relative 

viscosity* 

Calculated 
volume of solute 
in cm */100 cm • 
solution 

Speafic volume 
per 

gm protein 

Volume of 
water of hydra- 
tion per gm 
hemoglobin 

gm /too ml 
salultan 

i 

i 



cm • 

cm* 

2 10 



1 85 

0 88 

0 13 

4 20 

mEM 

1 175 

3 65 

0 87 

0 12 

6 30 



5 60 

0 89 

0 14 

8 36 

1 024 

1 445 

7 90 

0 95 

0 20 

10 45 

1 030 

1 610 

10 IS 

0 97 

0 22 


* These values are much lower than those reported by Lewis and Loughlin 
{Btochem J , London, 1932, 26, 480) and give rise to correspondmgly lower values 
for the hydration This difference is not due to the salt present since repetition 
of the measurements with salt-free hemoglobm solution gave practically the same 
figures for the viscosity of the solution as found for hemoglobm solution in m/2 
phosphate buffer 

of osmotic pressure measurements, as well as in the determination 
of the diffusion coefiBaent of crystalline trypsm as carried out by Dr 
Scherp in this laboratory 

The procedure was as follows A solution of crystalline trypsin 
m m/10 acetate buffer pH 4 0 was made salt-free by dialysis in the 
cold room against n/10,000 hydrochloric acid The dialyzed trypsm 
was then diluted with equal volume of saturated magnesium sulfate 
in M/10 acetate buffer pH 4 0 and dialyzed agamst a definite volume 
of trypsm-free 0 5 saturated magnesium sulfate in m/10 acetate buffer 
pH 4 0 imtil eqmlibnum was estabhshed as indicated by the reading 
of a manometer tube inserted in the collodion bag containmg the 
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trypsin solution The outside solution was found to be free of any 
trypsin A senes of dilutions was then made of the trypsm solution 
by means of the outside magnesium sulfate solution and viscosity 
measurements were made at S°C The results are shown m Table H 
The speafic volume of dry trypsin was taken as 0 75 ml /gm which 
was found to be common for proteins of the albumm type The 
average value of the water of hydration of crystalline trypsin when 
dissolved m 0 5 saturated magnesium sulfate pH 4 0 was thus found 
by the viscosity measurements to be 0 5 ml per gm dry pmtem 


TABLE n 


Vtscostty at 5 C of Various Concentrations of Crystalline Trypsin in 0 5 Saturated 
ifagnesium Sulfate and MflO Autate Buffer pU 4 0 


CooccDtratloa 
of trypsin 

Time of 
QuUlow 

Relibre 

vucoslty 

Ca/culited 

volume of 
hydrated tryrsin 
iocm VlOO cm.* 
solution 

Volume of 
hydrated trypsin 
per gm dry 
tr^ln 

Wsferef 
hydration per 
mo- dry 
trypsin 

tm /lOO ni 




m» 

on* 

0 


1 000 

0 



0 8 

212 6 

1 045 

1 00 

1 25 

0 50 

i 6 

221 S 

1 089 

2 00 

1 25 

0 SO 

2 4 


1 135 

2 90 


0 44 

3 2 

241 4 

1 187 

3 90 

1 1 22 

0 47 

4 0 

2S7 0 

1 265 

5 15 

1 29 

0 54 

Average | 

0 49 


The radius of hydrated trypsm molecules under the same condi 
tions, as determined by Scherp from diffusion measurements, was 
found to be 2 6 X 10"’ cm The volume of one mole of hydrated 
trypsin is therefore 

(2.6 X lO-iy X 4/3 T X 606 X 10= - 44,700 cm ' 

The molecular weight of the trypsm in solution under the same condi 
tions was found by osmotic pressure measurements to be about 3S,0(X) 
gm The molecular volume of the non hydrated ttjpsm equals 

26.000 cm • Hence, water of hydration per mole of trypsin equals 

19.000 cm* Water of hydration per gram dry trypsm equals 
19,000/35,000 equals 0 54 cm »/gm Thus, the value for hidrauon 
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of trypsin, as determined by diffusion expenments m connection with 
osmotic pressure measurements checks quite closely with the value 
obtamed by viscosity measurements This agreement serves as a 
check for the viscosity formula and justified the application of 
Emstem’s diffusion formula to protein solutions 

Gelahn 

The hydration of gelatin, as calculated from osmotic pressure 
and from viscosity measurements, has been described m a previous 
paper (8) The value of the hydration so obtamed was 6 cm ® water 
per gram dry gelatm m 3 to 5 per cent solutions 

Diffusion measurements were made with gelatin solutions m order 
to see whether the hydration, as determined by this method in connec- 
tion with the osmotic pressure measurements, agrees with that calcu- 
lated from viscosity If a 5 per cent solution of gelatm pH 4 7 in 
m/1000 acetate buffer was allowed to diffuse, a constant value for the 
diffusion coefilcient of 0 05 cm Vday was obtained However, if the 
first diffusate was replaced m the cell and the experiment repeated, 
a much larger value for the diffusion coefficient was foimd Gelatm 
solutions, therefore, as was to be expected, are not homogeneous 
but the relative siae of the particles or their relative amount, do not 
differ suffiaently to cause a noticeable dnft m the diffusion coefficient 
as determined from any one expenment Tnal calculations show 
that a mixture contammg 30 per cent of particles of radius 2 and 
70 per cent of particles of radius 1 will diffuse in such a way as to 
gve a value for the diffusion coefficient, as calculated from the total 
amount diffused, which does not vary over 10 per cent until more than 
75 per cent of the total ongmal quantity has diffused out Such a 
mixture, however, would give an entirely different value for the 
diffusion coeffiaent if the measurements were repeated on the diffusate 
This IS the result obtamed with the gelatm The results are com- 
plicated m addition by the fact that some hydrolysis of the gelatin 
occurs durmg the expenment 

Smce the value of the diffusion coeffiaent has no physical sig- 
mficance unless the diffusmg particles are of nearly uniform size, 
the results with gelatm are of doubtful sigmficance 
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SUMMARY 

1 The gram molecular weight of a substance may be calculated 
from the osmotic pressure of its solution 

2 The radius of the hydrated molecule and, hence, the gram mo- 
lecular volume of the hydrated solute may be determined from diffu- 
sion measurements The hydration of the molecules may, therefore, 
be calculated from osmotic pressure and diffusion measurements 

3 Hydration may also be determined by viscosity measurements 
Hydration of crystallme hcmoglobm, crystallme trypsin, and gclatm 
have been determmed by these methods and found to be as follows 





1 W«ter ol hydrattoo p« pn. dry wL 




OimoUc ptfisure 
diffusion tnetbod 

\ scovty 
netbod 

Hemoglobm 

Isoelectric gelatin 1 

Crystalline trypsin 


2 73 X 10-» 

(5 4 XIO*’) 

2 6 X 10“» 

tn 1 

OtoO 14 
(S 8) 

0 54 

cm * 

0 13 

S 9 

0 49 


The results with gclatm calculated from the diffusion measurements arc uncer 
tarn smee gclatm solutions are not homogeneous 
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A NOTE ON THE RESPIRATION OF ARBACIA EGGS* 

By R. W GERARD and B B RUBINSTEIN 
{From The Marine Btolo^tcal Laboralory Woods Bole) 

(Accepted for pubhcation, October 23, 1933) 

Tang (2), with Gerard (4), measured the respiration of resting and 
fertihzed eggs of Arbacia puttcltilala inadental to a study of the influ- 
ence of oeygen tension on respiration Absolute values m cubic 
millimeters of ox> gen per milhon eggs per hour were reported For 
one season the average for unfertilized eggs was 33 6 at 24 7°C , and 
a few runs with fertilized eggs gave figures five times as high Next 
season the average for freshly fertilized eggs was 118 at 25°C, and 
a few experiments with unfertilized ones gave again one fifth the 
respuration, or 23 5 The eggs of the first season, houever, averaged 
77 tmera in diameter and possessed, therefore, almost 25 per cent 
more volume than those of the second season, with a diameter of 72 
micra on the average Expressed per unit volume of eggs, therefore, 
the data for the tno seasons’ expenments arc less than IS per cent 
apart 

Whitaker (5) has measured again the respiration of this egg and 
obtained absolute values per umt volume only one third to one half 
as great as those ue reported His results fitted data for the rcspira 
tion of other related or unrelated eggs, obtained by himself and others, 
better than did ours, and our procedures and findings were adversely 
criticized (6) It seemed desirable to clear up, if possible, the dis 
crepancy and cstabhsh the correct value, the more so since this 
datum IS becoming of some theoretical importance for recent respira- 
tion studies (c g (1) and (6)) 

We hav e therefore repeated the measurements vnth careful control 
of all points of difference in the conditions of our respective expen- 
ments, though most of these had been prevaousl^ considered Smee 

* Aided m part bj a grant from the KoclcIcUer Foundation to the Umvcraly 
of Chicago 
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all agree that fertilization gives about a fivefold increase in respiration, 
and the findings on resting eggs have been especially questioned, 
the present experiments have been limited to the latter 

There are four major differences to be considered preparation 
of the egg suspension, temperature used, conditions durmg the run 
in the manometers, measurement of amount of material used 

Our preparation involved opening the female urchins, placmg the ovanes m 
sea water, straining the thick suspension of eggs through cheese-cloth, and using 
as such or after two washings with sea water by gentle band centrifugmg Whit- 
aker allowed eggs to shed through the gonopores of mverted half shells and washed 
by decantation only He beheved our eggs suffered cortical damage dunng 
preparation, with consequent abnormally high respiration In the present work, 
we performed two series of tests m which alternate urchms m succession were 
handled by one or the other method, the two groups collected, and respiration 
measured There was no difference Dr A J Goldforb has kindly permitted 
us to mention unpubhshed experiments of sunilar nnport Fertilization, cyto- 
logical changes, development, and permeabdity of eggs shed by one female through 
the gonopores was the same as that of eggs shed from an isolated ovary of the 
same animal Likewise he found filtration through cheese-cloth without effect ^ 
We have none the less used Whitaker’s procedure m the present work In a few 
cases, only the Aristotle’s lantern was removed and the eggs allowed to shed with 
a rmniTnum of contanunation by body fluids or debris Further, filtered sea 
water was used for collectmg and washing the shed eggs 

Our experiments were performed at 24 7° or 25°C , taker’s at 21°C For 
comparmg values be corrected our results to 21°, assummg a temperature co- 
efficient of 2 0 As reported m a paper soon to be published, this value is ap- 
proximately correct only for fertilized eggs, that of restmg eggs is over 4 The 
temperature correction Whitaker apphed was, therefore, too low We shall 
return to this later 

The most senous discrepancy, Whitaker believed, resulted from 
the treatment m the manometers for measunng oxygen consumption 
Smce the chambers contammg the respiring egg suspension have 
hqmd and gas phases and oxygen diffusion is slow, contmued agitation 

^ Goldforb has also observed a progressive mcrease m the respiration of un- 
fertilized eggs on standmg, beginiung some 5 hours after sheddmg Our runs 
have mostly tenmnated about this time, but we have noted m many longer runs 
a sbght tendency to mcreased respiration at the end We would also like to note, 
for later comparison, that he was not able to obtain constant volume determina- 
tions by centnfugmg, nor were we 
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IS needed to maintain the oxygen content of the hquid This is 
achieved by a rhythmic to and fro motion of the manometer and, 
if madequate, the measured respiration will be less than the true 
value The other danger is that this shaking, if too vigorous, will 
damage the delicate egg cortex, even to the extent of cytoljsis, and 
so produce artifiaally high oxygen consumptions It is into this 
latter error, Whitaker concludes, that we fell Though our actual 
shakmg conditions were specified only for the fertilized eggs, the 

TABLE I 


1 cc unfertilized Arbaaa eggs (477 000) 0^ cc. N NaOH m inset 21®C 

Start « 94 per cent fertilization, end = 95 per cent fertilization Manometer 
constants all about 0 8 


1 



Change is level 



Tune 





1 

2 

3 

4 


m 

mn 

nm 

mm 

mm 

48/min , 5 5 cm arc 

0-20 

2 3 

2 7 

2 5 

2 7 


20-i0 

2 2 

2 2 

2 2 

2 1 


40-<>0 

2 6 

2 3 

2 3 

2 8 

0Oi 1 hr 


12 1 

12 8 

13 6 

13 0 

60-120 

7 6 

7 6 

6 9 

7 7 

Co, 2 hrs 


12 7 

13 0 

13 3 

13 2 

72/inin 5 5 cm 

120-150 

4 1 

3 6 

3 5 

nn 


150-180 

4 2 


4 0 


Qo, 1 ir 


14 2 

13 4 

14 6 


180-300 

14 9 

14 2 

13 3 


QOi 3 hr3 


14 3 

14 0 

14 7 



questions of oxygen penetration and egg injurj were fully considered 
Our fluid layer was less than 2 mm deep, \\Tntakcr's 3 5 or 7, and 
the required agitation is, of course, much less with thinner lajcrs 
In fact, in the unfertilized egg expenments, shakmg rates \ancd 
from 40 to 60 per minute o\cr arcs of 5 to 10 cm wnth no regular 
differences in results After a run, the eggs were fertilized and 
regularly showed over 90 per cent normal cleavage The rates on 
fertilized controls were also increased five times, which is difficult 
to rcconale with an initially high respiration of the unfertilized eggs 
due to injuiy In the present work we have used even less shaking 
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than recommended by Whitaker (50 per minute, S 5 cm arc), except 
for dehberate tests at higher rates The protocol of such an expen- 
ment is given in Table I, and shows a mimmal effect (not progressive 
with duration) with the fastest speed our shaker attains Also, after 
several hours of fast shaking the same high fertilization (95 per cent) 
was obtained as at the start 

The measurement of egg quantity used is not a simple matter 
Whitaker centrifuged his suspensions to constant egg volume m 
vaccine tubes (15 minutes, force not given) and, though realizing 
the possibility of errors due to imperfect packmg, assumed these 
were small He mentions no attempt to check this point We 
counted the eggs m our suspensions with a hemocytometer and 
measured diameters with an ocular micrometer, from which data 
egg volumes per cubic centimeter of suspension are easily obtained 
(In recalculating our data, Whitaker overlooked the given diameters 
and assumed a constant one of 74 imcra which resulted m considerable 
discrepanaes ) We had previously found centrifugation unsatis- 
factory in rough tests, now we have carefully compared both methods 

The measurement of egg diameters presents little difficulty In good batches 
the majority of cells appear round and vary less than 10 per cent m individual 
measurements Two observers, measurmg different egg samples from the same 
suspension, regularly checked within 1 5 per cent A typical result on fifteen 
eggs was RWG 74 2 imcra ± 0 3, B B R 73 8 ±04 To the extent that 
eggs are shghtly oblate and tend to settle on the flatter side, the egg volume 
calculated from the measured diameter will be high, and the rate of respiration 
calculated per umt volume correspondmgly too low This factor could hardly 
amount to 10 per cent and, if present, would make even our values below the 
correct ones 

Enumeration of the eggs is more difficult Ideally a large counting chamber, 
holdmg up to a cubic centimeter of suspension, should give the best results 
Actually, we have not found dilution followed by countmg eggs in 0 5 cc on a 
mechamcal stage to be satisfactory The ordinary blood-countmg chamber, with 
0 1 mm between shde and cover-shp, permits counting the eggs in 0 9 c mm of 
undiluted suspension The danger is that the large eggs settle so rapidly that 
aU contamed m a drop much thicker than 0 1 mm may reach the slide surface 
before the cover-shp is placed and the fluid thmned This does occur if the 
preparation is not made rapidly, and abnormally high (up to 30-50 per cent) 
counts result The egg distribution per square is then hkely to be very irregular 
The further danger also exists that such a small sample is not fairly representaUve 
of the suspension We have adopted a procedure of rapidly placing a drop, at 
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once sliding on the cover slip, and counting the four large comer squares (often 
the four side ones as well) Each observer counted five successive drops the 
suspension being adequately mixed each time and an average value taken With 
practise, quite consistent results are obtained The raw data of one run are 
given as an example (Table II) 

The method has been further checked by counting a known suspension ddutmg 
two and five times, and recountmg Results of such a test were original sus 
pension ■« 300 000/1 cc,, diluted two times = 295 000/2 cc., diluted five tunes ■» 
320,000/S cc. 

In six experiments, after obtammg the size and number of eggs m the suspension 
and calculating the volume of eggs per cubic centimeter, volume \sas directly 
measured on the centrifuge Graduated centrifuge tubes were used and though 
less accurate than vaccine tubes, agreed well m dupheate and certainly gave 


TABLE n 


Observer 

Drop 

1 Cells per 1 X 1 X 0 1 nun. conwr square 

Average 

Mean tod P£. 

BBR 

1 

28 

29 

19 

1 31 

30 0 



2 

30 

26 


99 

31 1 



3 

27 

31 

21 

99 

27 5 



4 

30 

31 

32 

30 

30 8 



S 

26 

27 

33 

30 

2P 0 

29 7 ± 0 5 

RWG 

1 

36 

37 

35 

30 

34 5 




■ 9 

34 

34 

26 

32 2 




Hfl 

31 

34 

30 

' 31 5 




25 

34 

27 

30 

29 0 



1 5 1 

29 

27 

35 

1 30 

1 30 1 

1 31 5 d: 0 6 


approximately correct values 2 to 5 cc of suspension were used and spun for 
1 to 10 minutes by hand or electric centrifuge. Although absolute constancj 
of volume was rarely attained, an approximate constancj was reached in 3 to S 
mmutes. A volume that bad become constant on hand centrifuging (radius 
16 cm , 25 R.P s , centrifugal force 400 X gravity) would shrink somewhat 
in the electric instrument under greater force (radius 18 cm ,32 r p s , C ■■ 750 g ) 

The ratio of minimum centnfuged volume to calculated one vaned 
between 1 7 and 2 0 (In one case not included a ratio of 3 0 was 
obtamed, but centnfugation was probably incomplete ) The average 
ratio was 1 8 That is assuming the eggs were correctly counted 
and measured, the volume as determined by centnfuging was 80 pwr 
cent too high, and respiration rales calculated on such a basis cor 
respondmgly low 
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RESPIRATION OF ARBACIA EGGS 


As an extra check on the centrifuge technique we used the Harvey 
centrifuge-microscope, kmdly made available to us by Dr E N 
Harvey Eggs prepared as usual and the same after straining through 
two layers of 60 micra boltmg-cloth to remove the jelly were used 
At the slowest speed obtainable (higher than that usually used, C = 
550 g ) the unfiltered eggs settled into a very loose mass Individual 
eggs were rarely m contact with neighbors and often an egg radius 
separated them This was largely due to the jelly, smce the filtered 
eggs did come in contact and became deformed Even here, however, 
many and large spaces were clearly visible at the edges of faceted 
surfaces With still higher speeds (C = 1050 g, individual eggs 
were well stratified) the same pictures remained, though some further 
packing occurred The conclusion seems clear that respirations 
calculated per unit volume, determined by the centrifuge, are subject 
to a large and variable error 

It will require further tests to determine the volume error for other 
eggs and cells It is possible though unlikely (because of varying 
jelly masses, sizes, and toughness of membranes) that a uniform 
correction will apply to all of Whitaker’s data, in which case the 
relation he has pointed out, that vanous eggs tend to the same respira- 
tory rate after fertilization, will remain vahd Pending such controls, 
this must be regarded as uncertam, and the absolute values must 
surely be revised It may be mentioned that data of other workers 
on different species of urchin eggs, which agree with Whitaker’s 
values for Arhacta, were likewise based upon egg volumes determmed 
on the centrifuge 

It remains to report the actual respiration rates obtained in the 
present expenments, earned out almost entirely according to Whita- 
ker’s procedure except for the measurement of egg volume The Qo, 
per million eggs, in eleven expenments with three to six runs each, 
varied from 113 to 33 3 This is the same vanabihty from batch 
to batch previously encountered The average value at 2\°C was 
19 5 In terms of the unit Whitaker has used, cubic millimeters 
O 2 per hour per 10 c mm of eggs, this becomes, for these eggs, 0 9 
(Second decimals are not sigmficant) Whitaker obtained, also at 
21°C , 0 4-0 5 for the unfertilized eggs If this be corrected for the 
volume error of centrifuging (times 1 8) it becomes 0 7-0 9, in essential 
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agreement ■mth the above Tang’s result for unfertilized eggs at 
24 7°C , m these umts, is 1 4, Tang and Gerard’s for fertilized eggs 
at 2S°C , 6 1 (1/5 = 1 2 for the iinfertihzed eqmvalent) Applymg 
a temperature coefficient of 4 0 to the unfertilized eggs, 2 0 to the 
fertilized (3), these values become, at 21°C , respectively 0 8 and 
(1/5 the fertilized value) 10 It is clear that all expcnmental senes 
are m fair agreement when correct egg volumes are obtamed and 
proper allowance made for temperature differences 

sumtAM 

Methods used m prepanng Arhaaa eggs for respiration studies, 
in carrying through the manometnc detemnnations, and in estimatmg 
egg quantities have been reexammed 
Discrepanaes m previous results are almost entirely due to a steady 
error m measurmg egg volume by centrifuging Volumes so obtamed 
averaged 80 per cent too high 

The respiration of unfertilized eggs of Arbacia puiictiihto at 21'’C 
IS 0 9 c mm 0 per hour per 10 c mm of eggs 
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A PHOTOiXECTRIC DENSITOMETER TOR USE WITH 
SUSPENSIONS 


Bv T J B STIER, W ARNOLD, AND J N STANNARD 

{Prom the Laboratory of General Physiology^ Harvard University, Cambridge) 

(Accepted for publication, October 28 1933) 

I 

In studies of respiration and fermentation it is necessary to measure 
the population density of cell suspensions Laborious and relatively 
inaccurate methods m common USe are a serious handicap m the time 
consumed, and they often limit the dehcacy of experiments requmng 
their use 

A device here descnbed was constructed to gi\c a simple and sensi 
tive method of preparmg yeast suspensions of known concentration 
for studies usmg Warburg respirometcrs, with suitable precautions, 
it should be useful m determmmg growth curves of microorganisms 
Peskett (1927) used nephelometry for measuring the growth of j east 
(usmg BaSOi standards), Williams, McAlister, and Roehm (1929) 
constructed a speaal thermocouple for measunng inducctly the light 
absorbed by vanous suspensions of microorganisms Richards and 
Jahn (1933) constructed two nephclomcters each using a source of 
light and a smgle Weston Model S94 photoelectric cell arranged in 
such a way that m one the whole suspension and m the other a small part 
IS placed m the path of the light On careful examination, none of the 
devices previously descnbed was found accurate to less than 3 per cent 
Richards (1932) for comparison of the accuracy of hemocytometer, 
hematoent, and earlier nephelometcrs) The extreme sensitivity of 
photoelectnc cells necessitates certam precautions which have often 
been neglected m the construction and use of photoelectnc dcnsi 
tometers We shall desenbe the precautions which must be taken 
with the instrument and with the suspension of the microorganism m 
order that readings accurate and rcproduable to within 1 per cent 
may be obtamed 
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The circuit and a schematic diagram of the apparatus are given 
m Fig 1 A smgle, high mtensity light-source (100 watt projection 
bulb) is directed at two longitudinal shts 35 mm X 8 mm in a block 
receptacle holding a 20 X 200 mm Pyrex nulk culture tube m a rigid 
holder, behmd which are two Visitron photoelectric cells, Type 71 A V 
The currents flowmg from the two cells are balanced m an ordinary 
Wheatstone bridge, Leeds and Northrup Type S, using a box gal- 
vanometer, Leeds and Northrup Catalog 2420 B Weston Photronic 
cells were found not to be as stable as vacuum photoelectnc cells 

If a relatively delicate instrument is desired it is essential to use two photo- 
electric cells and to balance the currents from each by the method mdicated ' 
This insures almost complete independence of fluctuations in the voltage applying 
to the light-source, a significant variable in most laboratories, the hght intensity 
varies almost as the square of the voltage variation An apparatus contammg 
a single photocell requires either continuous adjustment of the hne voltage or some 


Fig 1 A Diagram of the circuit used For detailed specifications as to the 
apparatus used see text 
Explanation of symbols 

Ji = current from Photocell I 
i 2 — current from Photocell II 
= fixed resistance 
Rz = vanable resistance 
Pi = Photocell I 
Pz = Photocell II 

The mtensity of hght falling on Photocell I is referred to in the text as A, and 
on Photocell II as Iz The galvanometer may be protected from damage by 
short circuiting etc , bv placing 1,000 ohms fixed resistance m CD if desued 
B Sectional side elevation of the apparatus ® refers to the colloidal 
gold heat screen, @ to asbestos sheeting hmng the lamp housmg and shield, (s) 
to the speaal tnangular brass holder mentioned in the text, and @ to Photocell II 
C The apparatus from above 


^ This scheme was used by Goos and Koch (1927) and by Partridge (1930), it 
IS also emploj^ed m the Exton Scopometer of Bausch and Lomb Optical Co , in the 
APC Turbidity Meter of Eimer and Amend, and in others Most of the photo- 
electnc densitometers obtamable from manufacturers are unsmtable for work with 
pure hne strams of microorganisms because the suspensions must be transferred 
to special absorption cells for measurement, thus increasmg the chances of infection 
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device for automatic regulation The former method is a source of considerable 
error in measurements, and the latter is more expensive and less satisfactory tbati 
the present arrangement By test with our apparatus, the line voltage could 
fluctuate as much as 16 to 20 per cent with only 0 8 to 1 0 per cent change m the 
readmgs made 

The angular relation of the photocell-sensitive surface to the concentrated 
filament must not vary, otherwise the cahbrations must be repeated The radius 
of curvature of Pyrex test-tubes is not constant, and hence the unequal reflection 
at different pomts would alter the amount of light reachmg the photocell if the 
culture tube were turned about its axis The fiirst difficulty was overcome by 
usmg a sprmg holder near the top of the lamp, a rigid base for the lamp, and rigid 
construction of the box, the second by the use of a screw-holder mounting for the 
tube with a three pomt scalene triangle base It was necessary to make separate 
dilution curves for several tubes on the same standard suspension of yeast in 
order to determme empmcally the correction factors for differences m radius 
of curvature of each tube 

The lamp is left open to the air to facihtate cooling, but the culture tube, photo- 
cells, etc are protected from reflections and dust as shown in the diagram. Fig 1, 
B and C All inside surfaces were blackened with India ink It was found advis- 
able to protect the suspensions from the heat of the lamp by insertmg a colloidal 
gold filter, as in Fig 1, B, and by having a cool air stream from a small electric hair 
dryer directed mto the lamp house It is necessary to have a hght-source of high 
mtensity to yield a high current from the photocell Unfortunately much mfra-red 
radiation accompames any convement hght-source The precautions taken 
eliminated nearly all the heat, so that the temperature of a given suspension 
mcreased only TC m 10 mmutes Smce it takes only 2 to 3 mmutes for a deter- 
mmation of the density of a suspension, this factor is insignificant 

In Fig 1 the resistances J?i (the fixed resistance) and i ?2 (the vanable 
resistance) may be related as — ^ = r The currents h and of the 

ivi 

photocells are represented by 

»i = kih 

and 

At balance 

iiiZi = t-Rt, 


or 


i?j __ _ kill _ h ^ 

Ri ti kili kt ' 
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where 


X «» 


It 

It 


This means that the resistances Ry and Ri are measures of the in- 
tensities /i and /a, varying only as vanes It is known that the 

quantities and charactenstics of each photocell, vary with the 
temperature, with light intensity, and with the history of the cell 
By making readings in the form of the rabo 

Rt for suspension 
Rt for suspeoding medium 

where i?j represents the bndgc reading m ohms (at balance) for the 
vanable resistances m each case, they become independent of such 
variations Since Ri is kept constant at 1000 ohms, R, may be used 
m place of r in this ratio, making it possible to calculate directly from 
the bridge resistance settings The readmg for the suspending me 
dium preceded and followed each set of three to four readings taken on 
a given suspension 

in 

Dilution curves were made with yeast suspension (in 3 7 per cent 
dextrose solution), and with an ammoniacal India ink solution 

When the ratio — for suspensio n plotted agamst the con- 

J for suspending medium 

centration of the sample, in per cent of the most concentrated 
sample, the pomts fell on an exponential curve Put into a semi log 
plot, this gave the straight Imes shown m Pig 2 The values for the 
yeast suspension shown m Tig 2, were obtamed on fresh pressed 
yeast {Saccharomyccs cerevinae), centrifuged and washed twice with 
3 7 per cent dextrose solution, and then suspended in 3 7 per cent 
dextrose (Pure strain cultures will be used m future expenments ) 
The concentration range over which the plot is rectilinear is wider 
than IS likely to be required for most respiration studies, in this 
experiment 79 9 per cent = 3,780,000 cells/ram*, 10 per cent 
573,500 cells/mm • Clumped cells were removed by drawing the sus- 
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pended cells througli a stenle Jena sintered glass filter (20 to 30 
microns mesh) 



Fig 2 Dilution curves, showing the CTponential relation between the concen* 
traUon of any given suspension and the ratio peSm?rdium 

The log of the ratio is plotted against the concentration in per cent of the most 
concentrated sample, Line A refers to ammoniacal India ink suspensions. Line B 
to suspensions of pressed yeast m 3 7 per cent dextrose solution The yeast cells 
were centnfuged and washed twice with the medium used In making the dilu- 
tions of the yeast suspension 50 ml of the heavy stock suspension were measured 
into separate flasks with a cahbrated volumetric flask and the proper amount of 
medium added from a cahbrated burette Two burettes were employed m 
makmg the ink dilutions 

Each point represents the average of three determmations made on the same 
sample withm about 3 minutes (see text for discussion of the accuracy of the 
instrument over a senes of observations on the same sample) For yeast the 
density of each dilution was corrected for the increase m the number of cells from 
zero time, i e , from the moment when the density of the stock suspension was first 
determined The rate of mcrease m opacity due to growth was determined at 
constant temperature and a correction for this mcrease was apphed to the measure- 
ments of each dilution 
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In using this instrument for detemiming rates of growth of yeast 
it IS important to consider the effect of changes m the optical proper- 
ties of the yeast cell upon measurements of density by an optical 
method Richards (1932) has already shown that beyond the initial 
24 hour period of growth (at 28°C ) the optical properties of the yeast 
cell change markedly Also, when it is desired to prepare suspensions 
of known concentration from pure stram cultures it is necessary to use 
cultures of the same age, grown under the same culture conditions, 
as those used m constructing a dilution curve for the strain in question 

A dilution curve was also determmed for a 1 week old culture of 
Clilorella pyreiwidosa The curve is essentially the same as that 
obtamed for yeast suspensions Fig 2) It must be remembered, 
however, that unless the chlorophyl content per unit \olume of cells 
IS the same m different suspensions no comparable measurements of 
density will be obtamed (All the measurements were made at room 
temperature 22° ± 1 0°C ) 

The empirical relation found agrees approximately with Beer’s law, 
which states that the effect of concentration on the amount of light 
absorbed by a given non colloidal suspension IS I ■= /cc“^, where / = 
mtensity transmitted, lo = mtensity entering medium, c = concen 
tration m grams per hter, d = thickness m cm , and c = the Napierian 
base Evidence of the expected deviations from this “law ,” we , 
at the upper and lower concentrations of the suspension ((f Sheppard 
(1914)) can be seen m Fig 2 

The sensitivity of the instrument makes standardization of tech 
nique essential A given suspension will give progressively changing 
readmgs over a short penod of time m the apparatus (quite apart 
from the factors already mentioned), due to the gradual settling 
of the suspended material The suspension may be agitated con 
tmuously, without admitting air bubbles, by a syringe w hose plunger 
IS dnven up and down by a small electric motor or, if simpliaty is 
desired, by stimng with a glass rod at a uniform rate, for a constant, 
short time before making readings For example, the suspension 
may be stirred by hand for IS seconds at suffiaent speed to get all 
the cells m motion, and the reading taken exactl> 1 minute after 
cessation of the stimng m each case The light source was swatched 
on the moment stimng ceased and used only during the penod of 
observaPon, to prevent undue nsc in temperature 
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If one could detect a 1/20 mm deflection this value becomes 0 4 per 
cent 


TABLE I 


Reprodudbility of results using a single suspension of jeast cells The cells 
were centrifuged, washed, and suspended m 3 7 per cent dextrose solution, which 
was found to be isosmotic nith Wilham’s solution The ratio tabulated repre 
Rt for suspension 

seats ■r-- — it is measured m ohms as desenbedm the text 

Ri for suspendmg medium 


’none 

Ratio 

Dcvbtlon frofli meat 

1 1 Averafit dn-utloa ol ratio from mean 

am 

10 00 

1 S27 

+0 014 


10 10 

I 815 

+0 002 


10 20 

1 815 

+0 002 


10 25 

1 805 

-0 008 


10 30 

1 808 

--0 OOS 


10 35 

1 806 1 

~0 007 


10 40 

1 814 

+0 001 


10 45 

1 807 

-0 006 


10 SO 

1 811 

-0 002 


10 52 1 

1 807 

-0 006 


10 55 

1 809 

-0 004 


11 00 

1 818 

+0 005 


11 05 , 

1 814 

+0 001 


11 10 J 

1 814 

+0 001 


11 17 

i 1 811 

-0 002 


11 20 

1 819 

+0 006 


11 28 

1 821 

+0 OOS 


11 35 

1 812 

-0 001 


11 34 

1 816 

+0 003 


n 44 

1 817 

+0 004 


Mean 

I 813 


±0 004 «■ 0 24 per cent 


Using the relation found m the text for the per cent error in reading the ratio r, 
we find that if one could delect a l/20th mm deflection on the galvanometer this 
error ^ould be 0 4 per cent Evidcntl> with the care exercised v.c could detect 
a shghtl) smaller deflection The maximum dcv-iatjon arts 0 8 per cent which 
agrees exactly ivalh the error in a single scllmg if one detected a deflection of 
0 1 mm 


Attention is called to the fact that complete independence of the 
absolute magnitude of the resistances, Ri and i?s, is established by the 
above derivation of the expression showing the per cent error in deter- 
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mining r It is not necessary to work on the "most sensitive part” 
of the bridge, and the experimenter is thus able to use almost any 
available apparatus 

The error m determmmg r m a senes of twenty readings is shown 
m Table I It will be seen that both by calculation and by measure- 
ment the expected accuracy is well under 1 per cent, if the precautions 
outlined have been followed 


SUMMARY 

A device for qmckly and accurately measurmg the population 
density of a suspension of microorganisms, permitting the preparation 
of yeast suspensions of known density to witlun 1 per cent error, was 
constructed with two Visitron photoelectric cells, a single light of high 
intensity and a good Wheatstone bndge for balancing the currents 
from the two photoelectnc cells A large Pyrex milk culture tube 
holding the suspension is placed m the patli of one beam of light 
commg through a small longitudmal slit and thence to one photocell, 
a second similar sht directs another beam of hght upon tlie second 
photocell, thus causmg dissimilar currents to flow, the ratio of whose 
magmtudes may be measured by the bndge resistances A relation 
between these currents and the relative hght intensities is shown, 
and the one sigmficant unmeasurable variable (the characteristic 
constant of a photocell) is practically ehrmnated by the use of a 
method of ratios 

After careful standardization of technique the apparatus proved 
more accurate than other methods available for the purpose indicated 
In rapid use its accuracy may be put safely at 1 per cent for measunng 
the densities of cultures of approximately the same age and composed 
of cells havmg comparable optical characteristics 
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{From Ihe Laboratories of The Rockefeller Ittstilule for Medical Research, Princeton, 
N J , and the Hospital of The Rockefeller Instihtle for 
Medical Research, New York) 

(Accepted for pubkcation, October S, 1933) 

Hemoglobin denatured by aad or coagulated by heat and dissolved 
m aad becomes native again when brought to nearly neutral solution 
Erom this fact the conclusion was drawn that there is an cqmlibnum 
between native and denatured protein which depends on the tern 
perature and the pH (Anson and Mirsky, 1925) If there is such an 
equihbnum then at a suitable pH dcnaturation brought about by 
heating should be reversed by cooling Reversal of heat denaturation 
by mere cooling was actually found to tale place with serum albumin, 
globm, and pepsin (unpublished experiments) In none of these 
three cases was reversal complete, so none of these three proteins was 
suitable for the exact study of definite eqmlibnum states A suitable 
protein has now been found Trypsin, which catalyzes the hydrolysis 
of proteins, is itself a protein (Northrop and Kunitz, 1932) And tlic 
denaturation of trypsin is readily and completely rcxcrsible If 
trypsin is heated to 60°C in 0 05 N aad it is converted into a protein 
which IS completely prcapitable by quarter saturated ammonium 
sulfate WTicn the heated trypsin is cooled it changes bach into the 
onginal form which is not prcapitated by quarter saturated am 
monium sulfate If trypsin is heated or cooled to a temperature 
around 40°C a definite fraction is preapitable by salt (Northrop, 
1932) 

Since native tryxisin digests other proteins and denatured trypsin 
does not, the denaturation of trypsin can be followed bj activitj 
measurements If the digestion mixture is alhaline enough and 
contains enough urea then there is no change of inactive denatured 
trypsin into active native tiyTism dunng the measurement of tijqitic 
393 
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E^ecl of pH — ^In a rough r\ay the more trypsin is ionized by either 
aad or alkali the more the equilibrium between natii e and denatured 
trypsm is shifted toward the denatured form A theory of the 
mechanism of denaturation by aad and alkah will be presented in a 
paper on the equilibnum between native and denatured hemoglobin 
Accordmg to this theory the effect of pH on the eqmhbnum between 
the native and denatured forms of a protem must be correlated with 
differences m the titration curves of the native and denatured forms 
The data at present avadable do not penmt any detailed companson 
of the effects of pH on the ionization and denaturation of trypsin 
The marked effect of pH on the equilibnum between native and 
denatured trypsm is not apparent at room temperature At 2S°C 
native trypsin is the eqmhbnum form even in 0 01 N hj drochlonc aad 
That IS, denatured trypsm, if brought to 2S°C in 0 01 N hydrochlonc 
aad, changes completely into native trypsm The importance of pH 
IS dear at higher temperatures If trypsm is heated at any pH a 
temperature is reached at which the enzyme is half denatured This 
temperature of half denaturation is very sensitive to the pH and is 
lowered by either aad or alkah (cf Table 1) Only in aad solution 
can the experiments be earned out without irreversible inactivation 
In aad solution, as is shown m Tabic I, the activity after heating and 
cooling IS the same as before heating In alkahnc solutions m w hich 
the temperature of half denaturation is low there is irreversible in 
activation In neutral solutions m which the temperature of half 
denaturation is high, the denatured trypsin is digested so rapidly 
by the native trypsin that measurements of equihbna are impossible 
The irreversible inactivation by alkali and the digestion in neutral 
soluhon have been studied in detail by Northrop and Kunitz (1931) 
T/ic Effect of Temperature —In 0 01 N hydrochloric aad trjqism 
IS almost completely native at 40°C and almost completely denatured 
at a temperatme 10“ higher The logarithm of the equilibrium 
constant (the ratio of native trypsm to denatured trypsin) is proper 
bonal to the rcaprocal of the absolute temperature as is stated by 
van’t Hoff’s relation between the heat of reaction and the effect of 
temperature on the eqmhbnum 
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Table n gives the observed values of the percentage denaturation 
and the values calculated from van’t Hoff’s equation, assuming the 
heat of reaction to be —67,600 calones per mole 
The Effect of AUohol — ^In general denaturing agents shift the 
equihbnum between native and denatured trypsm towards the de- 
natured form 10 per cent alcohol m 0 01 n hydrochlonc acid lowers 
the temperature of half inactivation 5 5° {cf Table I) 

We are now m a position to understand why trypsm is such favorable 
material for the study of denaturation and its reversal The first 
condition for the reversal of denaturation is that the denaturation 
procedure used should not cause secondary irreversible changes 


TABLE n 

Efccl of Temperature on the Equilibrium between Native and Denatured Trypsin 

in OOJ a Hydrochlonc Acid 


Temperature 

Percentage denaturation 

Percentage denaturation 
calculated from In g =» — + C 

— AB = 67,600 calories/mole 

°C 

42 

32 8 

32 8 

43 

39 2 

41 0 

44 

50 0 

50 0 

45 

57 4 

56 4 

4S 

80 4 

80 0 

50 

87 8 

87 2 


Trj'psin is remarkably stable in aad The second condition for 
reversal is that the denatured protein be brought to a pH at which 
the native form is the eqmhbnum form In the case of some proteins 
this means a pH close to the isoelectnc point, j e a pH at which the 
denatured protein is insoluble, at which it is precipitated before 
reversal of denaturation can take place Denatured trypsm changes 
into native trypsm m acid solutions m which denatured trypsm is 
entirely soluble 

EXPERIMENTAL 

The tnpsm used v,as prepared according to Northrop and Kunitz (1932) 
For the expenments of Table I the tripsin cake i\as sunply diluted with the sol- 
vents described For the eipeninents of Table 11 the trypsm was first dialyzed 
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in the cold Dialysis does not affect the results because so much solvent is added 
to the trvpsm cake that the salt introduced with the cake is eventually present m 
extremely dilute solution 

The method of estimating active native trypsm m the presence of inactive 
denatured trypsm by the use of a smtable hcmoglobm solution has already been 
described (Anson and Mirsky, 1933) 

The experiments with dilute trypsm m 001, 0003, and 0 001 n hjdrochloric 
acid, which include the experiments on the effect of temperature on the percentage 
denaturation, were earned out as follows To estimate the activit> before hcatmg 
5 ml of hemoglobm solution plus 0 5 mk water were poured into 0 S ml cnz>*me 
solution and the digestion was earned out for 5 mmutes Exactly the same pro- 
cedure was used to measure the activity after healing and cooling The heating 
consisted in keepmg the test tube containing the enzyme solution in a water bath 
2® above the inactivation temperature for 2 minutes The cooling consisted in 
keeping the tn^ism solution at 25® for 10 minutes The enzjTne solution was 
heated to the mactivation temperature by being kept m a water bath at the 
inactivation temperature for 2-3 mmutes and cooled to the inactivation tern 
perature b\ bemg kept first m a bath 1-2 above the inactivation temperature 
for 1-2 mmutes and then m a bath at the inactivation temperature for 2-3 mmutes 
The time at the higher temperature sufBced to produce more than half denatura 
tion as was determined by separate experiments 

In the case of the ten times more conantrated toTsm m 001 n h>drochlonc 
aad the enzjTne was first dfluted ten times and a digestion mixture of the normal 
composition obtained by addmg to 0 5 ml of trypsm solution 4 5 ml of a mixture 
of 10 parts hemoglobin solution and 0 8 parts water and then there were added to 
1 ml of the resulting solution 5 ml of a mixture of 5 parts hemoglobin solution 
and 1 part water The digestion tune was measured from the first addition of 
hcmoglobm 

In the case of the solution of trypsm m aad alcohol the cnz>'mc solution v.'os 
kept at the inactivation temperature for 5 mmutes and before bemg cooled to the 
inactivation temperature it was kept at a temperature 1 5® higher for 1 minute 

To estimate the activity m 0 05 n sodium h^ droxidc at 0 C 1 mk of 0 1 N 
sodium hj droxidc iias added to 1 mk trypsm solution After 1 mmute there were 
added to 0 5 ml of this solution a mixture of 5 mk hemoglobin solution and 0 5 mk 
0 05 N h>drochlonc acid Digestion was earned out for 5 mmutes To find out 
how much of the trypsm was rcvcrsibl> inactivated by the alkali, 14 5 mk of 0 01 
h> drochlonc aad were added to 0 5 ml of the alkalmc trypsm and, after 10 minutes 
at 25®C 5 ml of hemoglobm solution were added to 1 mk of the aadificd Uypsm 
and digestion was earned out for 5 mmutes 

SUMMARY 

There is a mobile cquilibnum between the naU\c and denatured 
forms of trypsm which depends on the concentrations of aad, alkali, 
and alcohol and on the temperature 
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THE EQUILIBRIA BETWEEN NATIVE AND DENATURED 
HEMOGLOBIN IN SALICYLATE SOLUTIONS AND THE 
THEORETICAL CONSEQUENCES OF THE EQUILIB- 
RIUM BETWEEN NATIVE AND DENATURED 
PROTEIN 

By M L ANSON and A E MIRSKV 

{From the Laboratories of The Rockefeller Institute for Medical Research, Princeton, 
N J and the Hospital of The Rockefeller Institute for Medical 
Research New } ork) 

(Accepted for pubLcation Octobers J933) 

The denaturation of hemoglobin by acid is partially reversible 
(Anson and Mirsky, 1931) If acidified hemoglobin is rapidly neu 
trahzcd all the protem is precipitated If tlie aadificd hemoglobin 
IS first made slightly alkaline and then after a few seconds brought 
to the neutral point only a third of the protein is prcapitatcd The 
soluble two thirds has again the properties of native hemoglobin 
Lqmltlirta m Salicylate Solutions — It has already been shonn 
(Anson and Mirsky, 1929 4) that concentrated sodium salicjlate in 
neutral solution denatures hemoglobin and keeps denatured hemo 
globin in solution It will be shown in this paper that dcnaturation 
by salicylate is completely reversed when the salicylate is removed by 
dialysis under suitable conditions or when the salicylate solution is 
simply diluted with water Salicylate not concentrated enough to 
denature hemoglobin completely produces an equilibrium mixture of 
native and denatured hemoglobin The higher the salii^late concen 
tration the higher is the percentage dcnaturation (see Fig 1) At 
any given salicylate concentration the percentage dcnaturation is the 
same whether one starts with native or with denatured hemoglobin 
Decrcasmg the hemoglobin concentration from 1 per cent to 0 5 per 
cent or raismg the temperature from 25°C to 3S°C has no detectable 
effect on the cqmhbnum in 0 25 it salicylate solution 
Difcrenccs heUeen Natrc and Denatured Ilemoglobin —Hemoglobin 
denatured by salicylate has three properties characteristic of hemo 
globin denatured by other means It is insoluble under the same 
399 
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The Change tn Speclrum on DenaiUTOlion — ^ITie change in spectrum 
resulting from the denaturation of hemoglobin is the basis of the 
method used to estimate the percentage denaturation Hemoglobin 
consists of a native protein, globm, joined to an iron porphjTin com 
plex, heme The spectrum of heme is changed by combination of 
heme with native globin and the spectrum of the heme globin com 
pound is changed when the globin is denatured The denaturation 
of hemoglobm can, therefore, be followed spectroscopically, heme 
acting as an indicator of the change in the protein with which it is 
combined This was first pointed out for the compounds of reduced 
(ferrous) heme The compound of reduced heme and native globm 
has the spectrum of reduced hemoglobin while the compound of 
reduced heme with denatured globm has the spectrum of hemochromo- 
gen (Anson and Mirsky, 1925, 1928) Analogously the compound of 
oxidized heme and native globin has the spectrum of methcmoglobin 
■while the compound of oxidized heme and denatured globm has the 
spectrum of parahematin (Kcilin, 1926) Parahematin has no dis- 
tinct absorption m cither the yellow or the red, whereas alkaline 
methcmoglobin and hematm have a band m the jellow and aad 
methcmoglobin and hematm have a band in the red The spectrum 
of parahematm is thus qualitatively different from the spectra of the 
other hemoglobm denvativ es 

Because of technical difficulties the spectroscopic study of the 
denaturation of hemoglobin and its reversal has not been satisfactory 
The difficulties are these In neutral solution both globm hemo 
chroraogen and globin parahematm arc insoluble In alkaline solu 
tion, globm hcmochromogcn prepared from hemoglobin can combine 
with extra reduced heme and globin parahematin dissoaatcs to a 
greater or lesser extent into denatured globm and oxidized heme 
It is doubtful whether the pure spectrum of globm parahematm has 
hitherto been observed In the neutral salic>latc solutions used 
in tlic present experiments globm parahematm is neither prcapitited 
nor dissoaated and so the difficulties which have been mentioned arc 
avoided 

The Change in AhsorpUon of Green Light on Denaturation — ^X^ewed 
m the monochromatic green light easily obtained by the use of color 
filters from the mcrcur> arc lamp, all pigments appear to be of the 
same color Different pigments, however, differ in the extents to 
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whch they absorb the green light Denatured methemoglobm 
prepared by the addition of salicylate to a neutral phosphate solution 
of native methemoglobm absorbs the green light about twice as 
strongly as does native methemoglobm Hence one can measure the 
extent of denaturation of methemoglobm by measuring the extent of 
absorption of green light with a colonmeter The greater the per- 
centage denaturation, the greater the absorption of green hght 
Aggregation — ^The solubihty of denatured hemoglobin in dilute 
neutral salicylate solution is hmited If the protem concentration 
IS too high there results, first, assoaation or aggregation of the protein 
molecules, and then visible preapitation Aggregation of the mole- 
cules of denatured hemoglobin increases the absorption of green hght 
by an eqmhbnum mixture of native and denatured hemoglobin m two 
different ways First, the aggregated pigment has a greater absorbing 
power than the unaggregated Secondly, if as a result of aggregation 
denatured hemoglobm is removed from the eqmhbnum mixture 

unaggregated native hemoglobm fc? unaggregated denatured hemoglobm 

then more denatured hemoglobm is formed to maintain the eqmhbnum 
and there is an mcrease m the total amount of denatured protem 
and hence in the hght absorption This comphcatmg effect of aggre- 
gation on the study of an eqmhbnum has already been discussed in 
connection with the eqmhbnum 


reduced heme + pyndme pyndine hemochromogen 

(Anson and Mirsky, 1929 a, 1930) The same formation of denatured 
from native hemoglobm which takes place when the denatured 
hemoglobin is aggregated also takes place when the denatured hemo- 
globin is digested 

To avoid aggregation in expenments on the effect of salicylate 
on the eqmhbnum between native and denatured hemoglobin, the 
hemoglobm concentration is kept as low as is consistent with accurate 
colonmetnc measurements Bovine hemoglobm is used because 
compared with hemoglobm from other common animals it is relatively 
soluble and reqmres a relatively high concentration of salicylate for 
denatmation The solutions cannot be made more alkaline to avoid 
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aggregation because the optical properhes of the pigments change 
and become much more ahhe than they are in neutral solution 
If salicylate is added to native methemoglobin the absorption of 
green bght at first inaeases rapidly with time, then remains constant, 
and finally increases again very slowly If the same final conditions 
are obtamed by the addition of water to denatured methemoglobin m 

TABLE I 


Effect of Salicylate Ccmcenlralton and Time on the Absorption of Green Light by 
Hemoglobin Solutions 


itolAnty of 
talicyute 




Tlnie 

n » 




■Ql 


!0 

U 

30 

40 

60 

120 

0 

0 OS (a) 

20 



20 2 

20 

20 1 



0 10 (a) 




20 1 


20 1 



0 15 (a) 




20 0 





w 









0 20 (a) 



19 2 

19 1 

18 7 



17 S 

(b) 

18 0 

18 7 

18 7 

18 7 

18 7 

■TIM 

17 4 

■ XH 

0 2S (a) 

■CEB 

17 3 

16 9 

16 8 

16 7 

16 7 



(« 

IS 7 

16 7 

16 7 

16 7 

16 7 

16 0 



0 30 (a) 

17 0 

15 1 

14 7 

14 7 

14 6 

14 5 

■fWiB 

■MB 

») 

12 3 

14 2 

14 7 

14 7 


14 6 

13 9 


0 35 (u) 

13 5 

12 3 

11 5 

12 0 

12 0 

12 0 

11 8 

■ ■9 

(») 

11 3 

12 0 

12 0 

12 0 

11 9 

12 0 

11 8 


0 40 (a) 

13 0 

11 2 

11 0 

11 0 





(« 

10 8 

11 0 


11 0 





0 45 (a) 

13 0 

11 0 

10 7 

10 7 





0 50 (fl) 


10 5 



10 5 





The figures represent colorimeter rcadmgs (a) means that the cquihhnum 
was reached b> the formation of denatured hemoglobin, (b) bi the formation of 
native hemoglobin (Sec cxpenmentnl part of text) 


concentrated salicylate solution then the light absorption first dc 
creases rapidly, then remains constant, and finally increases aairy 
slowly TTic value of the light absorption which is constant for a 
while is the same whether the experiment is started Math native or 
Math denatured hemoglobin These results, which arc given in Table 
I, suggest that a true equilibrium is measured before slow aggregation 
or other change takes place AggregaUon, however, is not dcfimtcl> 
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excluded at any stage of the reaction The state of dispersion of the 
protein can be decided conclusively only by direct molecular weight 
determinations 

That there is an equihbnum between a red form and a brown form 
of hemoglobin is an observed fact whose validity does not depend on 
the existence or non-existence of aggregation If aggregation does 
take place before the equihbnum can be reached and measured then 
one cannot tell from the total effects of sahcylate concentration and 
temperature on the percentage denaturation to what extent the sah- 
cylate concentration and the temperature influence the degree of 
aggregation and to what extent they influence the eqmhbnum between 
unaggregated native and denatured hemoglobins jff, on the other 
hand, the equihbnum is not being disturbed by aggregation then any 
theory of denaturation must be m harmony with the facts first, that 
the curve relating percentage denaturation to sahcylate concentration 
is S-shaped (see Fig 1) and, secondly, that temperature has little 
effect on the equihbnum between native and denatured hemoglobin 
although It has a great effect on the equihbnum between native and 
denatured trypsin (Anson and Mirsky, 1934) The theory of de- 
naturation we shall now present which is m harmony with the facts 
which have just been stated is simply a restatement in other words 
of the existence of an eqmhbnum between the native form of a protein 
N and its denatured form, D 

Let us suppose that there is added to the equihbnum mixture 
N ^ D, a. substance, X, which can combine reversibly with both N 
and D or modify N and D in any reversible way There then results 
the double eqmhbnum 


N + X^NX 

IT ^ n 

The total native protein is iV -f NX, the total denatured protein 
D -f DX There are two ways in which the eqmlibna can be influ- 
enced reversibly First, the eqmhbnum constants can be changed 
by a change in the solvent, in the temperature, or in the rate at which 
any form of energy is being absorbed Secondly, the amounts of 
N and D combined with X can be increased by an increase in the 
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concentration of A' If A has the same alTirnty for D as for A', then 
the fraction of D con\ertcd into DX by the addition of \ is the same 
as the fraction of N converted into NX and there is no change in the 
total percentage dcnaturation If A has a greater affinity for D than 
for N, relativelj more D is converted into DX than N into NX and 
the percentage dcnaturation is increased The necessary relation 
between the dcnaturation cquilibna and the \ combination cquilibna 
IS given by the identity 

N/D N/f, \ 

N\/D\ ^ D/VX 

Given the mere fact that the addition of \ causes dcnaturation 
one cannot dcade whether the cause of the dcnaturation is a change 
in the equilibrium constants of the individual cquilibna or a greater 
combination of A with D than with A', or whether \ acts in both 
ways The deaston must be made on the basis of measurements of 
the individual equihbna or on the basis of chemical probabilities 
It IS hkely, for instance, that a change in percentage dcnaturation 
brought about by aad is due to a difference m the aflimtics of aad 
for the native and denatured forms of the protein 
In practice when A is added to a protein there usually results a 
whole senes of A compounds and hence the complicated cquilibnum 
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The shape of the curve relating the concentration of A to the per 
centage dcnaturation depends on the values of all the eqmhbnum 
constants By substituting a suitable set of values into the involved 
equation representing the compheated cqudibnum one can obtain 
the S shaped curve which relates the concentration of salicjlatc to the 
percentage dcnaturation of hemoglobin b> sahcjlatc Such curve 
fitting IS of little theoretical significance so long as the numerous 
equilibrium constants arc chosen arbitrarily Wffiat are needed arc 
A combination curves to go with \ dcnaturation curves, for instance, 
aad titraUon curves to go vvatli measurements of the effect of pll on 
dcnatuniUon The presentation of the detailed mathematical formu 
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lation of the theory of eqmhbna had best be postponed until data for 
testing the equations are available 

The heat of the denaturation N -> DX caused by tlie addition of 
X to TV IS equal to the heat of the reaction N — > NX plus the heat 
of the reaction NX DX Since the reaction N — > NX may be either 
endothermic or exothermic depending on the nature of X, the heat 
of the denaturation N — > DX will vary with the nature of the denatur- 
ing agent 

EXPERIMENTAL 

Equilibria — The stock solutions are a freshly filtered 1 per cent solution of 
dialyzed bovine metheraoglobin prepared according to Anson and Mirsky (1931) 
in a buffer made up of equal parts 01 m K 2 PO 4 and 0 1 m KII 2 PO 4 and a filtered 
1 M solution of sodium sahcylate which is stored in the cold Only such a sample 
of sahcylate should be used which on filtration yields a water-clear solution 
Monochromatic green hght for the colorimetric measurements is obtained from 
the mercury vapor lamp by means of the two color filters supplied by the Corning 
Glass Company for the isolation of the green hne The standard which is set at 
20 IS made up by adding 9 parts of water to 1 part of the hemoglobin solution 
All the experiments described m the experimental part are earned out at 25°C 

To reach the equihbnum corresponding to X tenth molar salicylate 
solution by formation of denatured hemoglobin, 10 ml of solution 
axe made by adding X ml of the 1 m sahcylate to a mixture of 1 ml 
hemoglobin and 10 —(X 1) ml water To reach equilibrium 

from the other side by the formation of native hemoglobin, 10 ml 
of solution are made by adding X ml of sahcylate to a nuxture of 1 ml 
hemoglobin and 7 —(X -f 1) ml water and then after 3 minutes 
adding 3 ml more of water The colonmetnc readings at vanous 
times are given in Table I 

Since denatured metheraoglobin absorbs green light jsi or 1 9 
times as strongly as native methemoglobin, the relation between the 
colonmetnc readmg, R, and the fraction, D, of the protein which is 
denatured is given by 

20 

or 

20- R 
U.09R 


D = 
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The greater the percentage denaturation, the less accurate is the 
estimation of the percentage denaturation by this colonmetnc method 
Tig I shows the relation between the salicjlatc concentration and the 
percentage denaturation 

The Digestion Test — ^Hemoglobin in salicylate solution is not di 
gested b} tcj-psin unless the sahcylate concentration is high enough 
to cause some denaturation as shown by the optical test If a 1 per 
cent solution of hemoglobin m 03 m salicylate, which bj the color- 
imetnc test is about 40 per cent denatured and 60 per cent native, 
IS diluted with equal volume of water and placed in boiling water the 
protein precipitates If 1 7 X 10-“ hemoglobin units (Anson and 
Mirsky, 1933) of trypsin are added to each ml of the solution before 
it IS diluted and heated, then digestion of the denatured hemoglobin 
takes place, more denatured hemoglobin is formed to maintam the 
equihbnum and so on until after 20 minutes no preapitate is formed 
if the solution is diluted and heated A 1 per cent solution of hemo- 
globin in 0 1 It salicylate which by the colonmetnc test is all native 
even after 20 minutes treatment with trypsin yields the same sort 
of preapitate on dilution and heating as docs hemoglobin not treated 
with trypsin The dilution is made with 0 2 Jt salicylate instead 
of with water so that the final salicjlatc concentrations of the solu 
tions which arc heated are 0 15 M m the two cases Native hemo 
globin prepared from denatured hemoglobin behaves like native 
hemoglobin which was never denatured To denature the hemoglobin 
1 ml of salicjlatc is added to 1 ml of hemoglobin Brown native 
hemoglobin is obtained again from the red denatured hemoglobin 
by the gradual addition of 7 5 ml water Finallj 0 5 ml trypsin 
solution IS added Since trypsin is probably destrojed under the 
conditions under which hemoglobin is inactivated there is probably 
more active trypsm in the solution of native hemoglobin which 
IS not digested than in the solution of denatured hemoglobin which 
IS digested 

The SohihUty Tcrf —Denatured mcthcmoglobin is insoluble in 
0 3 saturated ammonium sulfate 1 ml sahej late is added to 1 ml 
hemoglobin and the protein is then prcapitatcd bv the addition of a 
nuxture of 12 ml water and 6 ml saturated ammonium sulfate 
Native hemoglobin is soluble under the same iinat conditions No 
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precipitate results from the addition of 6 ml saturated ammonium 
sulfate to a solution prepared by adding 1 ml liemoglobm to a mixture 
of 12 ml water and 1 ml salicylate “Reversed” hemoglobin behaves 
hke native hemoglobin 1 ml salicylate is added to 1 ml hemoglobin 
to bring about denaturation, 12 ml are then added gradually to bring 
about the reversal of denaturation When finally 6 ml of saturated 
ammonium sulfate are added only a shght haze is obtained The clear 
brown filtrate from this solution stays clear 

SUMMARY 

The denaturation of hemoglobm by salicylate m neutral solution 
IS completely reversible 

There is a mobile equihbnum between native and denatured 
hemoglobin m neutral sahcylate solution The higher the salicylate 
concentration the greater is the percentage denaturation 

When there is a mobile eqmlibnum between the native and de- 
natured forms of a protein, denaturation is caused by the addition 
of any substance which has a greater affinity for the denatured than 
for the native form 

Theoretically the heat of denaturation must vary with the denatur- 
ing agent and must depend on the heat of combination of the de- 
naturing agent with the protein 
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The problem of the relation between toxiat>, resistance of organ 
isms to noxious agents, and time at which the expected event occurs, 
can be considered from two aspects Under the usual expcnmcntal 
conditions the action of a destructive agent is observed on a group of 
organisms and therefore, as with any collective phenomenon, the 
order of events (that is, in the present case the shape of tlic mortality 
curve) IS the most conspicuous attribute of the phenomenon Sev oral 
authors, interested m this problem, have believed that the number of 
organisms present in the group actually deterrmned the rate at which 
the orgamsms died (1-10) Another group (11-17) of investigators 
focused mterest on the fundamental phenomenon, considering the rela- 
tion between tonatv, resistance, and time of sumval as though only 
a single organism were involved They attribute the particular shape 
of the mortality curve to a particular distribution of the resistance 
among tlic individuals Both aspects have been discussed extensively 
m the htcrature Many theoncs and equations have been proposed 
none of which seems to agree with all the different types of expen 
ments It appears superfluous to review the literature, for several 
extensive reviews of the subject have been published latel) (18-21) 
All theories which assume that the number of organisms present m the 
system influences the fundamental process must be rejected on the 
basis that the action of an agent on one orgamsm (r J , higher animal) 
must be independent from that on another, provided that the agent 
IS present m sufficient quantities not to be used up to an appreaabic 
extent in the process Those who believed that the peculiar death 
order of organisms is due to individual differences m tlic resistance 
W) 
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of tbe organisms, iiad to assume a peculiar distribution of the resistance 
and even then it could not be explamed why sometimes a more or less 
symmetrical distribution of the survival time of the orgamsms changes 
to an asymmetncal one, when the strength of the destructive agent 
IS changed 

An explanation for this was sought m the fact that the fimdamental 
relation between toxicity, resistance, and time is not necessanly a 
Imear one Thus, even if the resistance showed a normal (sym- 
metncal) variation, the distribution of the survival time might be 
asymmetncal A general equation, descnbing the fundamental 
relationship, has been denved and set forth in a prehmmary paper (22) 
It IS based on the experimental fact that toxiaty has a threshold value 
which can be considered as correspondmg to a state of eqmhbnum 
(stationary state) between toxiaty and resistance and on the assump- 
tion that the vanation of the time is proportional to the relative 
vanation of the difference between toxicity and resistance Among 
the equations which have been proposed to account for the relation 
between toxiaty, resistance, and time of survival (Deyer and Walker 
(23) (cf the cnticism offered by Glenny (24)), Powers (25), Car- 
penter (26), Ponder (27)) there are some which are non-hnear That 
of Ponder (27) resembles most nearly the equation given m the pre- 
liminary paper However, differences m the two equations seem to 
account suffiaently for differences m the apphcabihty of the two 
equations In more recent papers Ponder (28) abandoned his 
first equation for a new one which is claimed to have more general 
apphcabihly 

Speaai forms of the equation given m a general form m the pre- 
hmmary paper are developed below There are, altogether, four 
independent vanables, resistance (r), toxicity (//), time (0, and 
temperature (T), and experiments can be so conducted that two of 
them vary and two remam constant In addition, to each value of 
resistance, there corresponds a number of orgamsms (the percentage 
killed) expressmg the probabihty that any one of the organisms has 
a resistance equal to or lower than the one in question The following 
combinations of the four variables are selected for the test of the 
theory 
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(I) The resistance and the tune vary whSe the temperature and toxiat> arc 
kept constant {cf Section II below) (a) A resistance value can be calculated 
from the tune which is required to kill a certain number of organisms The 
resistance of the organisms killed in this time is lower than, or at most, equal to 
this value, Tlie percentage of organisms killed can now be plotted against rcsis 
tance instead of tune and the shape of the curve thus obtamed can be anal>rcd 
It will be demonstrated (Section II) that, as far as one can judge from etperunents 
involvmg a large error the mortahty resistance curves correspond to a normal 
frequency distribution even m cases m which the morlaht> time curves are as> m 
metrical (6) It will also be demonstrated b> means of an ideal example that if 
one attributes to the resistance of an organism values which vary around an arbi 
trary average according to the probability rule times of survival can be calculated 
on the basis of the theorj Percentage mortaht> plotted against these time 
values will show the same pecuhar order of death of organisms as do the expen 
mental curves Furthermore, it is shown m ideal examples (which will be referred 
to in the future as “theoretical curves ) that an mcrcasc of touaty decreases the 
asymmetrj as it does m experimental cases (2) It is of great mterest to test 
the theory on cases which are not complicated b> statistical phenomena Such 
cases are those in which the resistance is kept constant (^ Section III) There 
are many experunents available in which the resistance and the temperature arc 
kept constant while the toxiaty and time of survival are varied To be able 
to test the theory m these combmations it is nccessar> to assume a relation between 
the toxiaty of an agent and its concentration It is obvious that whatever this 
relation may be, it must approach a linear relation if the vanalion is linulcd to a 
suffiaently range of concentration For larger ranges of concentration 
the theory gives good agreement with the expenments if it is assumed that for 
unicellular organisms the toxiaty is proportional to the adsorbed amount of the 
agent (3) Cases arc discussed in which the time and the temperature are kept 
constant and the toxiaty (concentration of the toxic agent) and the resistance 
vary {cf SecUon IV) In consequence the mortality changes with the concen 
traUon (4) The relation between time of survival and temperature is studied 
m cases in which the toricitj and resistance arc kept constant {cf Section V) 

A simple relation between dose and toiiat) for higher animals has far not 
been found In this paper the test of the theory has been restricted to the action 
of various agents on umccUular organisms 

I The Fiituiatncntal Rclalionslups 

Most of the different equations which have been proposed to 
express the relation between toxiaty and the resistance of an organism 
donotaccount for the fact that atacertam, sUll finite value of toxiaty, 
its effect becomes unnoticcablc and the lime of survival becomes 
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infinite,^ (assuming an ideal, otherwise non-noxious environment) 
To account for this one has to assume that the noxious power (//) 
and the resistance (r) are m a state comparable to an eqmlibnum 
when the survival time becomes infinite m spite of the fact that the 
noxious power is greater than zero In other words, the threshold 
value of toxicity is determined by the equilibnum The parameter 
I on which the time depends can be considered as the difference 
between noxious power and resistance and the equilibnum (or station- 
ary state) may be characterized by — 

f = /;— f==0, / = ® 

This condition is fulfilled if 



The simplest assumption about the function / is that the vanation of 
the time is proportional to the relative vanation of the parameter f 
(the difference between toxicity and resistance) Thus 


( 1 ) = 



d(/i — r) 
a — 


and by mtegration 

(2) / = — a In ^ + X = — a In (/< — r) + X 

where a and K are constants K, the integration constant, fixes the 
zero pomt of the time scale and a has the character of the reciprocal 
of a velocity constant It determines the specific effect of the param- 
eter ^ on the time m any special case The actual numerical value 
of these constants naturally depends on the units in which time, 
disinfecting power, and resistance are measured 

^ The acceptance of the “phenol coefBcient” as a relative measure of the dis- 
infecting po'ner involves the assumption that the time required to kill is inversely 
proportional to the dismfecting power and proportional to the resistance This 
relation has also been used by Reichel (29) It is, however, untenable for, if 
It -nere true, the same tune of survival should correspond to a given ratio of re- 
sistance and dismfcctmg power regardless of the organism or agent used It will 
be shoum that this is not the case 
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11 The Variation of the Time anlh the Variation of the Resistance If 
the Temperature and Toxicity Are Kept Constant 

(a) As a first application of Equation 2, the vanation of the resis 
tance should be calculated for a given variation of the time in the case 
of constant dismfectmg power and constant temperature Smee 
there is no way to detenmne mdcpendently the resistance r which is 
defined by Equation 2, Equation 2 cannot be tested directly m this 
combmation of the variables It is, however, of mtcrest to compare 
the relation between percentage mortality and resistance ivith that 
of percentage mortality and time and see whether or not the asym 
metry charactenstic of the mortality time curves toU persist in the 
mortaUty resistance curves The comparison is easily achieved 
graphically by plotting the percentage mortality first against the 
time and then against the resistance calculated from the observed 
time by means of Equation 2 To calculate r Equation 2 must be 
transformed so that K is expressed with arbitrary values of t and r 
However, for i = 0, r may be — ® Therefore, it is most convenient 
to select for the fixed jwmt the median time, t^i , and the correspond 
mg median resistance, The relation of any other I to any other 

r can be calculated if Equation 1 is mtegrated between and I, 
that IS between i and r 





Vmwl — r) 
h-r 


— r «» flln 


h—T 
h ~~ r airJ 


a*\n(.h — /) 


Tlie median time can be defined m the foUoinng trav Let us imagine the organ 
isms to be arranged accordmg to their resistance and then divide the entire group 
of organisms into two groups of identical size. The median time is the time 
durmg which the last organism of the group thus arranged containing the lower 
resistances would die but the first organism of the group containing the larger 
resistances, would survive. The median resistance is the corresponding value of 
resistance The median time can be determined graphicallj In view of the 
fact that in some of the cvpenmcnts records of determinations around the median 
time are very scarce and since this would male the graphic evaluation of the 
median time somewhat arbitrarj, it seemed preferable m such cases to use the 
statisUcal average instead of the median This was calculated in the usual way 
The total number of organisms dvang in each Ume interval was multiplied with 
the mean of this time intcnal, these products were summed and the sum divided 
bj the total number of organisms in the group WTicre used the average time 
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IS also designated by m the formulas and tables, thus mdicatmg that the 
correct procedure would be to use the median time if there were a sufficiently 
accurate method for its evaluation 

It must be emphasized that a' values obtamed by usmg Equation 3 
are different for different concentrations of the toxic agents Since 
the value of a depends on the units in which /i and r are measured, 
the values of a' tvill depend on /t — r^cd , whereas a is mdependent of 
this entity The values of a and a! will be numencally equal if 
h — fmod equals unity The a' values can be calculated on the basis 
of the assumption that the distnbution of r is symmetncal around 
fmed Whence 

(4) h~r„- 2(/; - rmed ), /mod = a' In 2, and a' = 

0 6931 

Values for a must be estimated from expenments m which r (eg , 
the maximum probable resistance of a group contaimng a certain 
number of orgamsms) is constant and h (e g y the concentration of a 
disinfecting agent) is varied Mortality-resistance (/) curves, ob- 
tained for different concentrations of the toxic agent, would, according 
to the theory, all be identical if o' were used for the calculation of 
h' — r’ If, however, a is used for all concentrations the interesting 
effect of the concentration of the toxic agent on the shape of the 
mortality-time and mortality-resistance curves becomes apparent ® 

Values which were calculated from experiments by Henderson Smith (30) 
on the action of 0 4, 0 5, 0 6, and 0 7 per cent of phenol on Bolryhs spores are 
given m Tables I to IV and Figs 1 to 3 The value a' was taken as /mcd /O 6931 
from the experunent with 0 4 per cent phenol and was used also for higher concen- 
trations In Section III the same value was assigned to a for the calculation 
of the time and calculation of the median resistance with satisfactory results 
It will be seen that in accordance with what has been said about the conditions 
under w'hich a' equals a, r^td is about 0 2 in terms of concentration of phenol, 
that IS, about half of the concentration (0 4) for which o' has been calculated 

2 If for example, the dismfectmg power is expressed in units of the median 
resistance, o' and a should be identical whenever the dismfectmg power is double 
the resistance Thus, a can be evaluated accordmg to Equation 3 from that 
mortahtv-time curve m which the dismfectmg power is practically the double 
of the average resistance The value of a has been thus calculated m Tables I 
to IV and used for the calculation of mortahty-resistance curves 
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TABLE I 

Action of 04 Per Cent Phenol on Botryhs Spores {30) 


0 — 91 tiaes ^ 92 9 mifl 


t 

—t 

t « 

Stores killed 

min 


PtTctni 

30 

1 995 

0 

50 

1 603 

7 1 

70 

1 288 

17 2 

SO 

1 153 

34 1 

90 

1 032 

44 7 

100 

0 926 

61 7 

110 

0 827 

73 7 

120 

0 743 

75 8 

130 

0 665 

83 3 

140 

0 596 

92 7 

150 

0 533 

94 6 

160 

0 478 

96 9 

170 

0 428 

98 2 


• The variation of these values (occumng in Tables I to VI) is proportional 
to the variation of the resistance but has the opposite sign They arc equal to 


r The latter expression vras used for the corTcsponding columns m 

n Ttoed 

Tables VII and VUI (c/ Equation 3) 


TABLE 11 

Action of 0 5 Per Cent Phenol on Bolryhs Spores {jO) 


a * 91 “ 4991 min 




SpomkQkd 


4 « 


Bl H, 1 

1 


0 

I 714 

0 

20 

I 390 

5 4 

40 

1 113 

26 9 

60 

0 893 

71 1 

SO 

0 718 

91 6 

100 

0 5/7 

' 97 7 

120 

0 463 

98 1 

140 

0 371 

99 2 

160 

0 298 

99 3 
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The numerical value of a' is therefore here approximately the same as that of a 
A closer approximation could be attempted only if the experimental errors were 
smaller In Figs 1 to 3, the percentage mortahty is plotted against the tune 
and agamst h' — r', that is, the resultant toxicity, which varies like the negative 


TABLE m 


Achon oj 0 6 Per Cent Phenol on Boiryits Spores (30) 
a = 91 /mcd = 13 57 min 


i 

(coed f 

e “ 

Spores killed 

mn 


per cent 

0 

1 162 

0 

3 

1 125 

4 7 

6 

1 088 

6 7 

^ i 

1 051 

23 4 

12 

1 018 

33 4 

15 

0 983 

54 7 

18 

0 953 

83 2 

21 

0 923 

86 2 

24 

0 894 

97 4 

27 

0 863 

99 2 

30 

0 836 

99 6 


TABLE rV 

Achon of 0 7 Per Cent Phenol on Botrytis Spores (30) 


a = 91 tmea = 2 92 nun 


t 

/med ^ 

e o 

Spores killed 

tntn 


per cent 

0 

1 033 

0 

1 5 

1 017 

28 7 

2 5 

1 005 

47 9 

3 5 

0 994 

64 0 

4 8 

0 980 

80 8 

8 0 

0 946 

97 9 

11 25 

0 913 

98 4 


value of the resistance (-rO vhen h' is constant Points corresponding to /n.rf 
and r'tntd were made to comcide Increasmg times as weU as decreasmg /;' - r' 
values (analogous to increasmg resistance) were plotted on the abscissa The 
asj-mmetry of the mortahty-tune curve as compared with the mortahty-rcsistance 
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curve IS demonstrated by the fact that to the left of the median hnc as well as 
to the right of the median hne the mortaht> time cur\e is al\va>’S below the 
mortahty resistance curve which is practicall> simmetncal Figs 2 and 3 show 
that the difference between the two tjT>es of curves becomes more and more neg 
hgible if h* increases, due to the fact that the variation of the resistance becomes 
neghgible as compared to the difference between tone power and resistance 


Per cent 



Figs 1 2, and 3 Curves showing that as>-imnetncal mortaht> time curves 

( obtained from experiments on spores (30) with different con 

centraUons of phenol (0 4 0 5 and 0 7 per cent) become s>Tnmctncal ( ) 

/n>»J ^ 

if the mortalit> is plotted against e * 

The curves become steeper m agreement with the fact that the relative devaation 
IS smaller tint is the precision is greater 

There is a shght as>'mmctr 3 noticeable in the mortaht> resistance curves 
Tins is due to sj’stcraatic errors for which no correction has been made It was 
noted b> Smith and is probablv true for most experiments of this t>T>e that a 
certain number of spores die during the time of an experiment cvxn though they 
are not m contact with phenol This sponUncous death of the spores amounU 




L. REINER 


419 


to 10 to 20 per cent in some cases In time mtervals in which the death rate due 
to the action of the dismfcctant is small (as at the bcginmng of an expenment) 
the spontaneous death rate may cause a great error * 

In Table V, values arc given which were calculated from Chick’s (4 b) expen 
ments on phenol and staphylococci The corresponding curves m Fig 4 show the 
difference m the symmetry of the two types of crur\cs \cr> distinctly 

Still greater is the difference between mortahty time and mortahtj resistance 
curves m the case of the action of heat on anthrax spores The expenmenta! 
values for this were obtamed from experiments by Rcichcnbach (14 b) 

TABtE V 

Action oj 0 6 Per Cent Phenol on Staphylococci (46) 


0 = 83 /loxi =* 5 73 min 


1 

** r 

KHIed 

mn 1 


/fr ctn/ 

0 

1 99 

0 

1 1 

1 77 

6 9 

3 

1 39 

14 3 

4 

1 23 

21 8 

5 

1 092 

41 8 

6 

0 974 

55 4 

7 

0 858 

67 2 

& 

0 761 

1 /9 8 

9 

0 674 

83 4 

10 

0 598 

87 2 

12 

0 470 

96 3 

15 

0 328 

98 2 


(b) On the basis of the assumption that the resistance distnbution follows the 
rule of probabiht>, the mortalitj time cur\c can be constructed with the aid of 
Equation 3 If ic average resistance of a group of baclena is taken equal to 1 
and the actual resistance of individual organisms is assumed to var> between 
±00 according to Gauss’ probabUit> rule with the precision I, the probabihtv p 
that all the organisms possess the resistance r can be obtained from Gauss’ proba 
bihty curve * The probabihty thatorganismsm p fraction of the bacteria possess a 

* The existence of this sj'stematic error was pointed out b> Yule (31) It must 
be emphasized, however, that it docs not account quantitatncly for the deviation 
of the mortahtj time curves from the normal binomial distnbution curves, e f 
it could not account for the fact that a certain number of organisms survive in a 
solution havmg a definite concentration of a disinfecting agent 

* The table giv cn in Czubcr s Wahrscheinhchkcilsrcchnung (Lcipsic and Berlin, 
G B Tcubner, 3rd cdiUon, 1914) was used lo obtain the values for this purpose 
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resistance equal to or less than r is then 1 Thus, the probabihties will be themeasure 
of the percentage of organisms killed and to each probabihty there will belong a resist- 
ance r obtainable from Gauss’ curve If this value is substituted in Equation 2, where 
h IS eiqiressed m multiples of rma (that is, it is measured arbitrarily in units of 
fmed ) and if a — 1, the time can be calculated m umts (multiples) of a It is now 
possible to plot the probabihties (that is, percentage mortahty) agamst h' - r’ 
(analogous to plotting agamst negative resistance) and against In (/;' — r') (which 

Pep cent 



Fig 4 Curves shoivmg that asymmetrical mortality-time curve ( ) 

obtamed from an experiment on 0 6 per cent phenol with staphylococci (4^) 

becomes symmetrical if the mortahty is plotted agamst c ( ) 

is proportional to the time) as was done with the experimental values The 
pomts correspondmg to /n.ed and are again made to coincide on the abscissa 
and h' ~ r' is allowed to decrease from the left to the nght, whereas t is allowed 
to mcrease m the same direction 

C 3 lcul 2 .tions were csimed out in tbc manner described, first setting // — * 
and Tacd = 1 and then settmg h = 10 and = 1 The results are given in 
Tables \TI and Mil and illustrated m Figs 6 and 7 Naturally the percentage 
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TABLE VI 


CJfcct Prodtictd oii Anthrax Spores by a Temperature ofST^C (i-?6) 
a = 16 1 /m a e* 11 2 min 



filtfd “ ^ 

« <» 

Spores tilled 

min 


ftr trni 

1 

1 8S2 

0 

2 1 

1 765 1 

9 54 

5 

1 471 1 

39 CM 

10 

1 07S 

53 14 

15 

0 791 

74 24 

20 

0 580 

S7 14 

30 

0 312 

95 47 

45 

0 123 

99 32 

63 

0 (MO 

99 90 

90 

0 007 

102 14 


Per cent 



Tic S Curves showing that as>’ramctncal mortalit) time cunc ( -) 

obtained from an experiment on the effect of heat on anthrax spores (Hi) becomes 

/m>.l 

simmctTical if the mortalitj is plotted against e * ( ) 




TABLE Vn 

Variahm of the Time Calculated on the Basts That the Disinfecting Pmver is Constant 
and the Resistance Vanes According to Probability 


h — IS rated —10 


f 

A-r 

In *“'■ 

Killed 

A fmed 

« ”* fmed 




fer cent 

-0 40 

1 933 

0 662 

2 38 

-0 20 

1 800 

0 588 

4 48 

0 0 1 

1 667 i 

0 510 

7 86 

+0 20 

1 533 

0 427 

12 89 

-f-0 40 

1 400 

1 0 337 

19 80 

-fO <50 

1 269 

' 0 237 

28 58 

+0 80 

1 133 

0 125 

i 38 86 

+1 00 

1 000 

0 000 

50 00 

+1 20 

0 867 

-0 143 

61 25 

+1 40 

0 733 

-0 311 

71 42 

+1 60 

0 600 

-0 509 

SO 2 

+1 80 

0 467 

-0 763 

87 11 

+2 00 

0 333 

-1 100 

92 14 

+2 40 

0 067 

-2 705 

97 62 


TABLE Vni 


Variation of the Time Calculated on the Basts That the Disinfecting Power is Constant 
and the Resistance Vanes According to Probability 
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Bsr cent 



nc 6 

riGs6and7 Cur\csshomngthats>'mmctricalcurves( ) comspondmg 
to a variation of the resistance according to the probabihty law (Gauss) become 

asymmetneal if the probabilit> (percentage mortabty) is plotted against In ~ 

(— — ) This expression according to Equation 3 is proportional to time In 
Fig 6, /j « 2 5 m Fig 7 A = 10 and r » a « I Comparison of Figs 6 and 
7 shows that the asymmetry apparently decreases if h increases 
Per cent 
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mortality (probability of the resistance) plotted agamst h’ - r' shows in both 
cases perfect symmetry The percentage plotted against ln(/i' - r'), that is, 
agamst values which according to EquaUon 3 are proportional to the tune, re- 
sults m an asymmetrical curve The asymmetry is greater if /i = 2 Sr^iea and 
less if A = lOr^ed , for the relative variation of the difference // - r' is smaller 
in the second case than m the first one This is an effect, as was previously 
pomted out, which is known to persist with disinfection rate curves 

111 VanaUon oj the Ttme of Surmal mih the Vanahon of the Toxmly 
If the Resistance and Temperature Are Kept Constant 

{a) It IS obvious that the relationship between time, resistance, 
and toxicity proposed above as an explanation for the asymmetry in 
the mortahty curves of organisms exposed to a noxious agent must 
also be vahd m cases where one is not deahng with a collective (statis- 
tical) phenomenon It ought to be applicable in cases where one 
deals with a single orgamsm or a group of organisms with ideally 
constant resistance and also m cases where one considers only one 
particular orgamsm present in a group, eg , the one which possesses 
the median resistance or the maxunum resistance A great many 
experiments of the latter type are available m the literature The 
application of Equation 2 to some of these cases will now be discussed 
Expenments were selected so that the vanous noxious agents are very 
different m their chemical nature The organisms used in these 
tests are also of very different nature but all are unicellular If r 
IS kept constant (r*) and h vanes, Equation 2 can be wntten m the 
following way 


(5) a In 7 — - = In ~ h 

/in — Th 

and solving for ru one obtains — 

in 


In order to apply Equation 5 to expenmental values, h has to be 
expressed as a function of the concentration While this function 
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IS not knomi so far, one can assume, for sufEacntly small \anations 
of /i, that 4 ~ A c, and 


where c means concentration 

Equation 7 is sumlar to one proposed by Ponder (27) The \ahdit) 
of Equation 7 is restricted to cases m which A ~ c, or to a range in 
which A h A c To calculate a one takes experimental values in 
which /, IS very large In these expenments /;„ is nearly equal to r 
for A approaches r if approaches mfimty In practical cases it 
suffices to select expenments m which equals a few hundred minutes 
m order to ohtam an r value which differs from the correct one by 
but a few per cent at the most a can then be calculated from two 
other expenmental values according to the formula 


or if A = c 


After having thus obtained a the remaining expenmental \alues 
obtained for other concentrations of the tone agent can be used to 
calculate ta according to Equation 6, or if A can be taken as propor- 
tional to c, accordmg to the analogous equation — 


/ -It 

Cl — t r * 

' till* 

l-t ‘ 


The average of the r values thus obtained from a set of expenments 
can be used to recalculate a and the corrected values of r can be 
obtained, and so forth If expenmental values for long survival 
times arc not available, a and r will first hav e to be estimated 
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Tbe median resistance of Boirylts spores agamst phenol was calculated in the 
manner described from expenments by Henderson Smith (30) It was found 
that the median resistance obtained from experiments with different phenol 
concentrations is, as expected, fairly constant The survival time (c/ Table IX) 
was calculated with the aid of the average of the median resistance The agree- 
ment between the calculated and experimental values is satisfactory with the 
exception of the value corresponding to the highest concentration and the shortest 
survival time 

TABLE IX 

Action of Phenol on Boirylis Spores (30) 

Calculation of the average resistance and of the tune accordmg to Equations 
7 and 8 

tt = 91 


c 

/med 

(found) 

i 

(calculated) 

^med 

(from 1 and «) 

per cent 

rrtw 1 

mm 


0 4 

92 9 



0 5 

49 91 

49 6 

0 232 

0 6 

13 57 

20 1 

0 256 

0 7 

2 92 

-1 74 

0 222 




Average rmed = 0 237 


Concerning the relation between concentration and disinfecting 
power, it seemed justifiable to assume that the first step of the process 
IS the fixation of the agent on, or its entrance into, the cell Since 
the cell represents a heterogeneous phase and smce the experiments 
suggested that the accumulation of the agent m the cell is not propor- 
tional to the concentration, as it ought to be if the process follows 
the laws prevaihng m solutions, it seemed proper to consider the 
possibihty that the accumulation of the agent is due to its adsorption 
by the cell If this were really the case, toxicity might be proportional 
to the adsorbed amount of the toxic agent throughout a fairly large 
concentration range It was assumed that the function descnbing 
the relation between the toxicity and concentration, is similar to the 
well known type of function which desenbes the relation between the 
concentration and the amount adsorbed by a heterogeneous phase 
Accordmg to Langmmr (32), the amount (A) adsorbed by a square 
centimeter of a substance is 

_ 

KiC+l 
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If // IS proportional to A it should also be proportional to — ^ where -y 
^ c + T 

~ obvious that if y is sufBacntly large, or if the \anation 

of the concentration is sufEaently small Alt Ac and thus for a small 

range Equation 5 can be used However, by putting /; = — 

in Equation 5 one obtams Equation 9 which has a much wider range 
of applicabihty as can be seen from the examples given below 


and 


(9) 


Ct 

ci+y 

c 

c d-y 


fk 


fk 


t -/i 

e * 


00) /i 


gi + y g + Y 

* ^ 


y could be calculated from the adsorption isotherm of a toxic agent 
onto a given organism, if this were hnowm These isotherms ha\c 
not been determmed so far, hence y must be estimated 

In Table \ and Tig 8 data are presented which were calculated from expen 
ments by Chick (4a) and b> Watson (33) on tbe action of phenol on B para 
typhosus Since the range of concentration used in this set of experiments was 
small, both methods of calculaUon (that according to EquaUons 9 and 10 and 
that accordmg to Equations 7 and 8) jicld equally saUsfactor\ agreement >\ith 
the experiments 

Experiments bj Chick (4o) on the acUon of sn\cr nitrate on B paratypkosus 
are gi\cn m Tabic and Fig 9 The Umc and the resistance ncre calculated 
according to EquaUons 9 and 10 In spite of the fact that the range of concen 
tration used in these experiments is ^*c^> large the agreement between calculated 
and observed values is satisfactory Calculations on the basis of Equation 7 
did not give constant values for the resistance and if the extrapolated threshold 
concentration was taken as equal to the resistance the calculated limes showed a 
considerable s^'stcmatjc dcviaUon from the experimental nwIucs 

In the case of the acUon of mercuric chlondc on B paratyphosus, according 
to experiments b> Chick (4a), experimental ^-alucs and calculated ^wlues agree 



TABLE X 


Action of Phenol on B paratyphosus (33) 

Calculation of the time according to Equations 7 and 9, and of the resistance 
according to Equations 8 and 10 

Dismfecting power taken proportional to concentration (4 and fc) 
Disinfecting power taken proportional to the adsorbed amount (h and r*) 


a = ISO 7 = 05 fc = 0 498 r* = 0 499 


c 

/, _ 

i 

(found) 



l-c 

n 

" Cn + -y 

per cent 


tntn 

pttn 

mm 



0 800 

0 615 

45 





0 7S0 

0 600 

75 

72 

65 

0 523 

0 529 

0 700 

0 583 

105 

105 

93 

0 474 

0 506 

0 650 

0 565 

125 

148 

129 

0 298 

0 443 

0 600 

0 545 

225 

208 

184 

0 548 

0 523 

0 550 

0 523 

440 

309 

281 

0 534 

0 517 

0 500 

0 500 

690 

797 

760 

0 489 



Per cent 



Fig 8 Curve showing the relation between concentration and time of survival 
for the case of phenol and B paratyphosus (33) 
o = etpemnental values 

\ X = calculated values, disinfecting power Uken as proportional to the conccn- 

\tion Equation 7, a = ISO Tc = 0 498 
\ = calculated values, dismfecting power taken as proporUonal to the adsorbed 

\at Equation 9 , 7 = 05 a = ISO fk “ 0499 
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TABLE n 

Action of Stiver Nitrate on B paratyphosus (^c) 

Calculabon of the tune according to Equation 9 and of the resistance according 
to Equation 10 

Disinfecting power taken proportional to the adsorbed amount 


a » 70 7 = 00001 rA«0400 


c 

‘--rV. 

/ 1 

ttound) ^ 

(catculileit) ' 

fj. 

P<r tt » 



MIN ' 


0 085 

0 9988 




0 017 

0 9941 


1 3 

0 56 

0 0085 

0 9883 


2 0 

0 75 

0 0017 

0 9444 


7 4 

0 43 

0 00085 

0 895 

22 5 

14 0 

0 75 

0 00017 

0 629 

56 0 

68 1 

1 0 41 

0 000085 

0 459 

140 0 

163 2 

0 43 



Time 


Tig 9 Cur\ c showing the relation betneen concentration and Ume of sur\ A-al 
for the case of AgNOj and B paratyphifsus (^a) 

O ■» experimental values, 

X - calculated values (Equation 9) 7 -ODOOI o - 70 ri- 0 400 
429 
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only if one assumes that the toxicity of mercuric chloride is a function of the 
mercury ions present m the solution The variation of the concentration of 
mercury ions remains small even though the variation of the concentration of 
the mercuric chloride is considerable, hence calculations accordmg to Equation 9 
and Equation 7 yield equally satisfactory results For the ionization of mercunc 
chloride the values of Kahlenberg (34) were taken as quoted by Chick (20) 
(Cf Table XII and Fig 10) 

Measurements made by Gregerson (35) on the action of phenol on staphylococci 
cover a large range of concentration Neither values calculated accordmg to 

TABLE Xn 

Action of Mercunc Chloride on B paraiyphosus {4a) 

Calculation of the tune according to Equations 7 and 9, and of the resistance 
according to Equations 8 and 10 

The dismfecting power taken as proportional to the Hg++ concentration (k 
and fc) 

The dismfecting power taken as proportional to the adsorbed amount of Hg+''' 
{th and fh) 

o = 38 7 = 30 r* = 16 4 r* = 0 353 


c = concentration of Hg++, figures are proportional to concentration of Hg++ 


c 

t Cn 

" Cn + 7 

t 

(found) 

h 

(calculated) 

th 

(calculated) 

r« 

fh 



tntn 

mtn 

mm 



63 

0 678 

1 5 





57 5 

0 657 

7 

6 

4 

21 4 

0 528 

42 5 

0 586 

13 

24 

14 

-45 3 

0 169 

37 

0 552 

10 (?) 

33 

20 

29 9* 

0 540* 

23 

0 433 

65 

76 

55 

18 7 

0 396 

16 5 

0 354 

230 

236 

111 

16 4 

0 352 


* Calculated from values 2 and 4 


Equation 7, nor those calculated according to the assumption that the toxicity 
IS proportional to the adsorbed amount of phenol (Equation 9) fit the expenmental 
curves The deviation, which is comparatively small in the latter case, can 
tentatively be explamed by the fact that in this case at high concentrations the 
toxicity of the phenol is not stnctl> proportional to the adsorbed amount because 
in the concentrations used (up to 3 per cent) hypertomcity of the solution due to 
the osmotic pressure of the phenol adds to the toxic effect This explanation 
seems more probable than any assumption of the existence of a systematic error 
due to the fact that, if the time is very small, the error becomes very great for 
the time requued to establish equihbnum through diffusion is then of the same 
order as the survival tune, namely a few seconds {CJ Table XIII and Fig II ) 
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It 13 of interest to note that the agreement between capenmental and calculated 
values IS good m the ease ol sdver mtratc and paratj-phoid badlh, although the 
range of the variation ol the concentraUon is greater than in the case of phenol 


Percent 



Fig 10 Cuncs showing the relation between concentration of HgClj and time 
of survival for the case of mercuric chlondc and B paratvphosia (ia) Cun-c 

( ), time plotted against IlgCI (parts in icio) Curve ( time 

plotted against numbers proportional to Hg*'*’ coDCcnlraUon 
O “ experimental values 

T « calculated \’alucs disinfecting poncr taken as proportional to the concen 
tration of Hg+'*' (Equation 7) a « 38 r = 164 
X “ calculated vsilues disinfecting power taken as proportional to the adsorbed 
amount of Hg'*‘+ (Equation 9) -y ■■ ^0 o — 38 r* - OJSl 
For numbers proportional to the Hg** concentration sec Tabic \JV 

and staphjlococa The probable reason for this is that the osmotic clTcct of (he 
highest concentration of silver nitrate is sUU negligible 

It has been mentioned above that, in the case of hcmol>‘Si5 b> saponin and 
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Other agents, Ponder (27, 28)* has demcd equations which he has tested on exact 
measurements o{ his own It was ol interest to sec whether or not Equations 
7 and 9 would give satisfactory agreement with the cipcmnental values in this 
case also hlorcover, to test the equation on Ponder s measurements was interest 
ing because the material used in his experiments is so ver> different from the 
microorganisms and dismfccling agents which have been discussed and also because 
Ponder and \ eager s (28) measurements were much more exact than those made 
on disinfectants In Table \IV the results of the calculations arc compared 
wath the experimental data Values calculated according to Equation 9 ga\c 
very good agreement with the expcnmental data whereas values calculated 
according to Equation 7 showed a s)‘stematic deviation from llic experiments 


TABLE XrV 

Action of Saponin on Mammalian Jird Cells (2S) 

Calculation of the average time according to Equation 9 and of the resistance 
according to Equation 10 

4 7 “ 0005 


< 

e +y 

(round) 

(olcuUtfU) 

.1 . . 

(Ifotn 1 nnH n) 

P«T t 1 


fHIK 

m 0 


0 0012S 

0 713 

7 91 



0 00143 

0 741 

5 50 

5 51 

0 6SI 

0 00167 

0 769 

4 17 

4 02 

0 677 

0 00200 

0 SOO 

2 87 

2 83 

0 6S0 

0 002S0 

0 834 

1 73 

1 83 

0 6S0 

0 00533 

0 870 

0 95 

1 00 

0 679 





Average » 0 679 


and hence were omitted from the table EquaUon 7 was not applicable although 
the range »n which the concentration varied was comparativcl> small lliis is 
probably due to the fact that saponin is high m capiUarj nctivitj, hence the 
adsorption is not proportional to the concentration even at low concentration • 
(6) In analog) to the theoretical mortalit) time curves one can construct 
a set of theoretical concentration time curves bj measuring the time in units of a 
and the toxicit) in units of r (the constant resistance) If t is \er\ great li 
becomes proportional to the concentration The shape of this curve together 


* I am indebted to Dr Ponder for calling m> attention to his interesting pajicrs 
and for discussing them with me 

W'as interpolated in this case. 
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•With that calculated for a moderate 7 is given m Fig 12 and the corresponding 
calculated values m Table XV 



Time in arbitrary units 


Fig 12 Curve shovang the theoretical relations between time and disinfecUng 
power, the latter measured in mulUples of the constant resistance, the time being 
measured m umts of a (a = 1) 

the dismfectmg power taken as proportional to the concentratio 

^?!!!°°x^the dismfectmg power taken as proportional to the adsorbed amount 
(Equation 9) 


The shapes of the concentration-time cun'es are different for 
isiTlndlLc agents and are characteristic for a given organism and Jgcnt^ 
The shape is determmed by the constants, a, 7 , and r 7 determmes 



^opco/(i,. „ . ^ 

ol «ie cun, , 435 

sll?p==issr~ 

"■eier besur^^ 

^«"i/ec(in;. DO Worn 

=— e J *’™PortionaJ m ,i ‘^’’'ration (y 

======-;J^ a a ( " '0 IJic adso,),^ 


0 3S8 
0 002 

0 S02 

1 000 
I 202 
I 447 
1 SO? 

I 0 2 j 0 COO 
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Since in tins case the percentage mortahty is the expression of the probability 
that all the organisms present have a resistance equal to or smaller than the toxic 
povfer, the mortahty-resistance curve is a symmetrical variation curve (Gauss’ 
probabihty curve) Consequently the percentage mortahty plotted against 
the toxicity must also result m a symmetrical variation curve This, however, 
does not necessarily hold for the mortahty-concentration curves, for as a rule 
the concentration is not a Imear function of the toxicity If the variation of the 


Fen csnt 



Fig 13 Curves showmg the variation of the percentage of Macrosponum 
killed by HoS at a certain time (36) The asymmetrical mortality-concentration 
curve (-0-©-) tends to become more s>Tnmetrical if the mortality is plotted against 

the adsorbed amount ~ (X X ) 

c -f T 

resistance m a group of organisms is small, the difference between the concentra- 
tion of the toxic agent which kills a detectable number of the organisms and that 
which kills all of them, will be small and m the corresponding range of concentra- 
tion the latter will be proportional to the toxicity In this case the mortality- 
concentration curve should be sjmmetncal If the variation of the resistance 
IS great, the correspondmg variation of the concentration will also be great and 
the toxicity will not be proporUonal to the concentration In this case the mor- 
tahtj -concentration curve should be aBjinmetncal 
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Most of the mortality-concentnition curves given in the literature arc s>Tn 
metneah The as>Tnmetry is certainly not great enough to offer an opportunity 
to test the vahdity of EquaUon 1 1 McCallan and W ilcoxon (36) ha\ c obscr\ cd 
mortahty-concentration curves which were asjimnetricaL In this case if the 

percentage mortality is plotted against — (where y is estimated) the asm 

C y 

metry becomes less conspicuous (cf Fig 13) » 

Vanalton of the Tunc mlh ihe Vartation of the Temperature If the 
Concentration and Resistance arc Constant 

The effect of temperature on the survival time of organisms exposed to a toxic 
agent has been studied b} Krotug and Paul (1) Chick (4) Rcichcl (19), and 
others It Mas found more or less empirically that the time is an exponential 
function of the temperature analogous to that proposed by Arrhenius for the 
temperature coefEaent of the velocity constants of chemical reactions In 
Equation 2, a is the onl> constant Mhich ncccssanl> \'arics \^^th the temperature. 
The reaprocal of a has the character of a veloaty constant and thus it is not 
surprising that it follows a law sinular to that of the vcIoat> constant of chemical 
reactions 

For a temperature T and T 

hr -rr '±R-L±^ 

e « • 

tir-fT 

Taking into consideration that hr hr and rr " rr and assuming that 

— B. — one denves - » — , and if a - 
a a a a 

( 12 ) 

which is the equation used b> Chick Rcichcl and others 

Table WI and Fig 14 show that m the case of Uic action of I per cent phenol 
on B paratyphosus at different temperatures (Chick 4a) the valuta of a m Equa 


^ After completion of the manuscript it was noted that unpublished expenments 
b> A C \\Tiite are quoted m the recently issued monograph b> Clark (21) In 
these morlaht>-dosc curves arc compared with mortality curves plotted agamst 
a non hnear function of the dose The function used is similar to an adsorption 
isotherm It is noted that whereas the distribution of 5um%*al3 is normal if 
plotted agamst this function of the concentration it becomes a5>'mmclncal when 
it is plotted against the concentration This is a result which is in full agreement 
wnth the theory discussed in this paper — ’At the time of proof reading appearance 
13 noted of a theoretical consideration of the relationship of dose to time (Gchlcn, 
W,^rcA J2xp Path u F/iarm , 1933, 171, 541) 
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TABLE XVII 


The Effect of Temperature on the Ttme of Sttnival of Anthrax Spores {j7) 
Time calculated according to Equation 12 


Temperature 

(D 

Time ( 1 ) 
(found) 


a 

Time 

(calculated) 

decrees obselnte 




n 

360 0 

■iHi 


16 1* 


363 4 


70 000 

4 39 

24 5 

365 7 


54 W1 

1 85 

10 3 

367 2 

5 0 

53 200 

1 OiS 

5 9 


3 16 

42 S48 

0 316 

1 8 

KBI 

1 14 

41 400 

0 083 

0 5 


0 43 

39 791 

0 019 

0 11 

■H 


Average ■= a « SO 213 




‘This value was taken from Heichenbach s experiment (cf Table \T, Tig 5) 





no 15 Cur\c sho\nng llic relation bet^veen temperature and time of survival 
for the ease of the effect of heat on anthrax spores (37) 
o *= experimental values 

X - calcubtcd values on the basis of the assumpUon that the dismfcctmg power 
due to heat is constant (Equation 12) Cf Table ''C\T1 
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The killing of microorganisms at high temperatures is usually considered as a 
result of kiUmg power due to heat While it is questionable whether h, the killing 
power, IS changed or not if all conditions except the temperature are kept constant, 
it IS conceivable that the noxious action due to heat is a constant and that it is 
merely the constant a which decreases when the temperature increases and thus 
the tune of survival is shortened 

Survival times of anthrax spores have been calculated from experiments by 
BaUner (37) by calculatmg first a. for different time intervals and then the time 
with the average of a Values for a for different time mtervals show a distinct 
trend possibly indicative of the fact that the dismfectmg power is itself a function 


of the temperature or that the assumption that — 


Ko 


IS not correct in this case 


O' Q'q 

The deviation might, however, also be caused by a systematic error due to lack 
of precision in the determmation of the time at which the exposure to this tem- 
perature has been discontmued (C/ Table XVII and Fig 15 ) 


DISCUSSION 

In considenng the agreement between experimental and theoretical 
values it must be remembered that disinfection expenments are sub- 
ject to a considerable expenmental error, the sources of which have 
been discussed extensively before Added to this is the fact that the 
theoretical time values imply that the probability of the resistance 
under consideration having the assumed value is 1 This probability 
can only be approached but never attained In other words the 
theory of probability ascribes for the ?ith bactenum of a group ar- 
ranged according to their resistance, a definite resistance Whether, 
m a certain determination, the wth organism will actually have this 
resistance, or a different one, cannot be predicted It will depend 
on the errors of the method which have themselves the character of 
probable errors and cannot be distinguished from the actual vana- 
tions of the resistance which also follow the probability rule The 
error %vill be especially great when the concentration approaches the 
threshold value of the resistance, for a very small deviation in the 
percentage mortality will produce a considerable variation in the 
time However, the slope of the curve at this point is practically 
zero and thus the calculated and expenmental points wall still fall 
on the same curve Tbs is the reason why the agreement appears 
to be much better according to the curx^es given in this paper than 
accordmg to the tables 
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It must also remam undeaded ivhether the vanation of the resist- 
ance m a group of orgamsms is actually due to the fact that the 
resistances of mdividual orgamsms are different and distnbuted 
accordmg to the probabihty rule or due to the fact thht the process 
of dymg lacks preasion and causes the time of survival to be different 
although the resistance of the organisms is the same If the latter 
were the case, and if an experiment could be repeated with one and 
the same orgamsm several times, it should lead each time to a different 
result and the distnbution of the observed times should bo the same 
as that which can be observed in one expenment mth a group of 
organisms (this could be achieved m a case m which the noxious action 
IS reversible, t c , narcosis) 

Any noxious agent acting on a umcellular organism can be character 
ized by the value of three constants (1) the resistance, whicli is the 
threshold value of the toxic power which a certain organism can stand 
without a lethal effect,* (2) the constant a which determines the time 
which IS required for the completion of the destruction of the organism 
if the difference between the toxiaty and the resistance is unit> 
Thus, two agents which kill an orgamsm in the same concentration 
at the same time are not necessanly identical Their apparently 
similar fieliavror might liavv? didcKnt csttses Agsinst the fast agent, 
the orgamsm in question might have a very low resistance but the 
value of the constant a, imght be very great Against the second 
agent, the resistance of the organism imght be very high but Oj might 
be very small If the constant a is very large it is customary to speak 
about a slow disinfcctmg agent If a large o is combined with a large 
vanation of the resistance, most of the orgamsms wall be killed pro 
vided that the observation is extended for a sufficiently long time, 
but some might survive They start to propagate but most of the 
newly formed orgamsms, being exposed, wall also succumb A 
stationary state ma> develop Agents havang this effect on bactcnal 
suspensions arc called growth inhibiting agents It seems that there 
IS no fundamental difference between them and disinfecting agents 
Although in general (eg, for higher organisms) there is no wa> to 
measure the toxiat> and thus no waj to measure the resistance, in 

• The damaging effect of sublclhal concentrations of certain agents seems to 
plaj an important rWc in the action of the so calleil chcmolherapeiltic agents. 
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the case of unicellular organisms it seems that the toxicity is a function 
of the concentration which is similar to an adsorption isotherm 
Smce thus the relation between toxicity and concentration is known, 
the toxiaty and resistance can be expressed m terms of concentration 
(3) In order to be able to calculate the toxicity from the concentration 
even m arbitrary umts the knowledge of a third constant y is required 
The value y indicates whether at the concentration in question the 
orgamsm is nearly saturated with the agent or whether around this 
concentration the agent is bound proportionally to the concentration 
Thus, two agents which would kill a certain orgamsm in the same 
concentration and in the same time need not be identical even though 
the constant a is the same, for the one agent might be a strongly 
noxious agent but scarcely bound at all, whereas the other might be a 
weakly noxious agent but very well adsorbed 

These examples illustrate the mterestmg possibilities whidi are 
offered by the application of Equation 2 to the charactenzation and 
test of toxic agents A discussion of the practical application together 
with cnticism of present methods based on the viewpoints presented 
m this paper will appear later 

It is to be expected that the given relationship can be applied to 
vanous biological and pharmacological phenomena, the common 
feature of all of which is the existence of a time factor and of a thresh- 
old value 


SUMMARY 

1 A relation between toxicity, resistance, and time of survival has 
been denved on the basis of the assumption that the time is a function 
of a parameter which is the difference between the toxicity and the 
resistance Toxicity and resistance act like forces which can maintain 
an equilibnum-Iike (or stationary) state If the equihbnum is upset, 
the time at which the event (death) occurs is proportional to the 
loganthm of the difference between toxiaty and resistance 

2 It was found that if values proportional to the resistance are 
calculated with the proposed equation and the percentage mortality 
plotted against them (instead of against the time as is usual) s>m- 
metncal curxcs are obtained ex'cn though the corresponding mortality- 
tune curx'es are as>mmetncal Assuming that the resistance vanes 
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like an error, that is, according to probabibtj rules, theoretical mor- 
tality time curves, similar to the crperuncntal curves, can be con 
structed from the proposed equations 

3 In the case of a tovic agent acting on a unicellular organism 
suspended m solution, the tomcity is proportional to the adsorbed 
amount of the agent, as calculated with the aid of the Langmuir 
equation In small concentration ranges the toxicity can be taken 
as approximately proportional to the concentration 

4 The vanation of the temperature affects mainly the constant a 
which IS a function of the temperature similar to that of the veloaty 
constant of a chemical reaction (Arrhemus’ law) 

5 The proposed equation has been tested m four different combina 
tions of the vanables, concentration, resistance, time, and tempera 
ture The agreement with the experiments is satisfactory 

6 Any noxious agent acting on a unicellular organism may be 
characterized by three constants r, the resistance, which is the 
threshold value at which the agent is still fatally toxic for the organ 
ism, a, the reaprocal of the rate constant determining the specific rate 
(that IS, the time corresponding to a difference of 1 betueen the 
toxiaty and the resistance), and finally the constant y of the function 
representing the relation betnecn toxiaty and conccntntion 

The wnter is indebted to Miss Alma J Champhn for valuable 
assistance m the collection of experimental data, calculations, and 
preparation of the manusenpt 
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INTRODUCTION 

Although sea water contains very much more sodium than po- 
tassium the latter predommates m the cells of many manne organisms 
Presumably this is because it penetrates the protoplasm more rapidly ' 
A like situation m models affords a favorable opportunity to study 
certain vanables which may be important in living cells 
In these models electrolytes pass from an outer aqueous layer A 
(Pig 1) through a non aqueous layer B (representing the protopbsm) 
into an mner aqueous layer C (which may be called "artifiaal sap”), 
the latter consists at the start of distilled water and COi bubbles m 
it throughout the experiment 

All three layers are stirred mcchamcally but at the phase boundaries 
arc unstirred layers {AgBAJi, and C^) m which the moicmcnt of 
electrolytes depends on diffusion The layers B and i?f, in which 
diffusion IS slowest,’ regulate the process of penetration 
In these expenments A contained KOH and NaOH which had been 
previously shaken up with a non aqueous mexturc consisting of 70 
per cent guaiacol -I- 30 per cent p-crcsol (which wall be called G C 
mixture) As a result KOH combined wath the consUtuents of the 
non aqueous phase to form organic salts which may be lumped to- 
gether* and called coUectivcly K(7, the corresponding dcsignaUon for 

*Ostcrhout W J Biol Rir 193f 6.309 Ergehn Phisiol 1933 35, 967 
Oslcrhout W J V,andStanIc> yV Ore PJiynrf 16,007 

*Sccp -148 Also Oslcrhout W J ^ -7 f'Cn Phssicl 1932-33 16,529 
4 aiiK introduces no senous error since the behavior of the organic salts seems 
to be ver> similar Cf footnote 2 


«5 
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the sodium salts bemg NaG We therefore have to do with the pene- 
tration of KG and NaG 

In the preceding paper® it was assumed that the rate of penetration 
of potassium is proportional to the concentration gradient m the non- 
aqueous layer JB This gradient may be regarded as K'o - K^, where 
Ko represents the concentration of undissoaated KG in the outer sur- 
face of Bo, and K', that m the mner surface of B, (the corresponding 
designations for sodium are Na(, and NaO 

On reaching C, KG and NaG come m contact with COa and form 
KHCO3 and NaHCOs This raises the osmotic pressure in C so that 


Stirred Unstlpred Slipped Unstippcd Slipped 






:d c f: 

A 




h 1: 


ABC 
(fixjueoas) (non acjucous) (ai^ueous) 


Fig 1 Diagram of layers m the model The aqueous phase A has an unstirred 
layer which is represented between d and c from c to / is the corresponding un- 
stirred layer in the non-aqueous phase B Similar layers are present at the bound- 
arj' betii een the non-aqueous phase B and the aqueous phase C 


water enters from yl Eventually a steady state is reached in which 
water and salts enter in a fi^ed ratio and the volume of C increases 
while its composition remains constant This appears to be analogous 
to what happens m living cells 

Previous studies® indicate that the rate of entrance is proportional 
to K^ — Ki it is also proportional to the diffusion constant Hence 
we may wnte as an approximation 


Rk = C,Z7k(K„ - K.) 


® Osterhout, \V J V,J Got Physiol , 1932-33, 16, 529 
®lhis equation takes no account of the entrance of ivatcr Regarding the 
significance of the “constants” sec Osterhout, W J V , / Got Phystol , 1932-33, 
16, 529 
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Here is the rate of entrance of moles of potassium into C and the 
diffusion constant of undissoaated KG in B Using a corresponding 
notation for sodium we have 

Rk CiDkCk'-k!) 

CiDN»(Na — Nai) 


Cj and Ci are "constants”* which depend on the rate of stirnng, the 
surface area, and shape of B, etc , and when they arc the same for KG 
and NaG cancel out 

This equation permits only quahtative predictions because the ratio 
(K' — KI) — (Nal — NaJ) changes during the process* and several 
disturbing factors intervene (p 455) 

Let us now consider K' and KJ We may make the usual assump 
tion that on each side of the phase boundary there arc very thin lajcrs 
in approximate equihbnum with each other Hence if the total con 
centrations of potassium (KG + KOH + KHCOj) in the aqueous sur 
face layers be K» and K we may put 


^ “ OK. and ^ “ oK„ 


where 5 k. and 5 k arc the partition coefTiacnts or absorption coclTi 
aents * 

Hence ne may put 

Rk „ (£e.\ — 5K|Kt 

In \iew of this a knowledge of diffusion constants and partition 
coefliaents becomes desirable 


Diffusion Conslanfs 

When only KG is present the meaning of the diffusion constant 
requires no comment, but when wc add NaG it will affect the \alue of 

The behavior of this ratio depends on the magnitudes of the partition codTl 
aents as ell as on their ratio See p 449 

*C/ Invin Jf Proc Soc i:sp Biot ard Utd ^ 192S-29 2C, 125 1931-12 
29,993 1234 J Gen , 192S-29 12 147 407 
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The divergence will be small m guaiacol (m which KG and NaG 
are very weak electrolytes) ® but may be larger m water this latter, 
however, does not concern us smce for our purposes the diffusion in 
water may be regarded as neghgible Similar reasoning applies to 
the diffusion constant 

Let us now consider the ratio In order to determine this 

the diffusion apparatus of Northrop and Anson'® was used The 
upper part was filled with G C mixture contammg equal concentra- 
tions of KG and NaG which were allowed to diffuse mto the lower 
chamber contammg G C mixture The result showed that is so 
close to Z?Na for our purposes they may be regarded as equal 

Similar tests m which water was employed as the solvent showed 
that KG and NaG diffuse ten to eleven times as fast in water as in 
G C mixture (this result is due m part to the higher viscosity of the 
G C mixture") Hence the diffusion through the unstirred aqueous 
layers Ag and Cg is so rapid that it may be neglected in the subsequent 
discussion We need only consider the slow diffusion in the non-aque- 
ous layers and B, 


Parlihon Coefficients 

Evidently the diffusion constants, Dj- and Z?Na) are too similar to 
account for the experimental fact that potassium enters C much faster 
than sodium It would seem that the partition coefiiaents must be 
responsible for this difference 

In order to clarify the role of the partition coefficients let us first 
consider an hypothetical system m which KG and NaG are veiy weak 
electrolytes m A, B, and C, and m which C contains no CO2 Let the 
values of K„ and Na„ be constant at 0 05, the values" of Gr, and Gr, 
being 0 62, those of and G^a, bemg 0 29, and those of Z)r and 

® This has been shoivTi by a group of physical chemists whose results will shortly 
be published 

'® Northrop, J H , and Anson, ML,/ Gen Physiol , 1928-29, 12, 543 

" The viscosity of water at 30 73°C in C G S units is 0 007905 and that of 
guaiacol at 30°C is 00445 Cf Landolt, H, and Bomstcin, R , Fb}siknhsch- 
chcmische Tabellcn, Berlin, Julius Spruiger, 5th edition (Roth, W A , and SchecI, 
K ), 1923, 1, 135, and 1931, suppi \oI 2, 102 

" These vary vith concentration but ve may assume for purposes of calculation 
that Grc, is constant as well as Src, 
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being equal A simple calculation** indicates that in the early part 
of the expenment potassium should enter C faster than sodium and 
that Ki — Na should be less than 5^, — The experiments 
bear this out The calculation is as follows 

Let us suppose that the unstirred Ia>crs arc so thin that the concentration 
gradient in 3 is approximately linear and that C is a mere film, onl\ a few mole 
cules thick, and contains at the start onh distHicd w atcr, the bubbling of COj 
bemg omitted l«t us now consider a Ia>er in B of the same thickness as C ad 
joining the mterface this will be called Bu For convenience wc suppose the 
total volume of each of these films to be 1 bier 

At the start of the experiment the concentration gradient of KG in B, which vnll 
be called CK^ is 0 031 — 0 = 0 031, and thecorrcsponding value for Gfft is 0 0145 
— 0= 0 0145 Hence = 2 14 We may assume that during the first 

small increment of time 1 62 mfllimoles of KG reach B( and distnbutc thcmscUcs 
so that I 0 goes into C and 0 62 remains m Bt gi\’iDg a concentration of 0 00062 M 
in B{ and 0 001 ii in C (the value of KJ remains constant at 0 031 since K* is con 
slant) 

Since at the start Cs^isO 0145 and (7 j: is 0 031 wc suppose that the amount of 
NaG moving across 5 m the first small merement of time is approximately 1 62 
(0 0145 -r 0 031) = 0 756 millimole of this 0 17 will renum m B; and 0 586 will 
pass mto C (so that 5^*, *» 0 17 — 0 586 «» 0 29 this is the value prcviousl> stated) 
At the end of the first inaement of time Gk' = 0 031 — 0 00062 “ 0 0304 and 
- 00145 - 000017 = 00143 Hence Gk' Gsi = OftJtW + 00143 = 

2 land K, -i- Nat =0001 -f* 0 0005S6 - 1 7“ 

This calculation mdicatcs that m the early part of the expenment 
the ratio K# ~ Na, will be greater than unity and that as time goes 

** The significance of this method of calculation may seem doubtful cspeciall) 
^hen are not dealing wth the earliest stages of the cxj>cnmcnt, but it seems to 
be borne out b> tbe results 

** It IS of mtercst to note that the ratio Kf Na; m the early part of the cipen 
ment depends on the magnitudes of 5 'kc a^d5'^*c as well as on their ratio Thus 
m the foregoing calculation we had Src **■ “ 0 62 + 0 29 ■■2 14 and the 

value Kf + Na< after the first increment of tunc was 1 7, but if wc put Sre 
ShtC *=62 + 29 = 2 14 we get a different result for Kt + Na< smcc the \*aluc is 
116 This maj be shown as follows Smcc G^' and G\^* arc now ten times as 
great at the start wc expect 16 2 millimoles of potassium and 7 56 of sodium to be 
moved The concentrations m B{ are therefore KG - 0 0162 u and IsaG 
0 00756 IL These wall distribute so that K/ ■■ 0 01395 M, K; 0 00225 u Na/ 

0 00562 m andNa< ■» 0 00194 m. Ilcncclw +Naf - 0 00225 +000194 - 1 16 



450 


KINETICS OE PENETRATION. VI 


on It Will approach unity since the concentrations in C will approach 
those in A (te 0 05 m KG + 0 05 m NaG). 

The actual model (with no CO 2 m C) differs from this hypothetical 
case smce Gk. is not constant and is not equal to tins apphes 
also to sodium Furthermore KG and NaG are strong electrolytes in 
A and O (though weak electrolytes m B) but this merely means that 
the diffusion of molecules of KG and NaG m C is replaced by the 
diffusion of the 10 ns K+, Na+, and G~, thereby changmg somewhat 
the diffusion constants 


JL 



Fig 2 Ratios of potassium to sodium m the artificial sap m C (Experiment 112} 
Model with 0 05 m KG + 0 05 m NaC? m ^4, G C mixture m B, and distilled water 
in C (no COz) The ratio of partition coefficients is SkGo ~~ ^NnG, = 2 14 To- 
ward the end of the experiment the ratio approaches umty, as would be expected 
In the first part of the curve the experimental errors are larger because the concen- 
trations of sodium and potassium m C are relatively low 

Hence we expect that at the start potassium wdl enter C more 
rapidly than sodium and that both will reach the same concentration 
at equihbnum This was found to be the case m earlier experiments 
(eg in Experiment 66 reported m a previous paper The ratios 
found m a later experiment (Expemnent 112) are shown in Fig 2 
(m this, as in the other figures, the curves are drawn free-hand to 
give an approximate fit) In this case A contained 005 M KG + 
0 05 M NaG and the ratio Grc, — •SWaO, 2 14 (see page 452). 

Model I was employed and a steady flow was maintained m A which kept its 
composition approximateI> constant B contained G C mixture and C coulained 

Osterhout, W J V , and Stanley, W M , / Gen Physiol , 1931-32, 15, 667, 
Fig 6 
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distilled natcr (no COi bubbling), stirred mth a stream of au- The volume of C 
at the start was 150 cc The temperature was 21° ± 2 C The concentration 
of potassium + sodium in C was detcrmuied bj titration with standard and and 
of sodium bj the method previously described, potassium bemg determined by 
difference. 

In most of our experiments COi was present m C and m consequence 
KG and NaG reacted to form KHCOj and NaHCOj as soon as thej 
reached the surface of C “ Potassium and sodium then diffused 
through Cp m the form of bicarbonates But smcc diffusion m this 
layer is very rapid as compared with that m B it may be left out 
of account (An additional effect of the reaction with CO is a 
great reduction of the ionic activity products (K)(G5 and (Na)(G) 
m C) 

Before discussing such experiments it is desirable to consider more 
fully the equation for penetration In domg this we may neglect 
•Ok — -On* (smee it is not far from umty) and write as a first approxi 
mation 


f?K _ K* — Ki 

ftn# 'fau “ Nil' 

The values of K' and Na' are kept approximaieb constant bv continually 
renewing the solution in A It has been shown elsewhere® that the actlvitv of 
K' is proportional to the ionic acUvttv product’® (K )(OII ) in d Hence we mav 
put K' = 5i. K = C<(K,KOH ) and it is evident that the value of Sr will dc 

pend on that of OH“ We may treat K j in the same waj AU of this applies 

equaUy to sodium 

As already stated K' <= hence to approximitc the \ afuc of 

K', a determination of = (concentration of undissociated KG in 

’• This might not have much effect on the value of K, + Nai as calculated bj 
the method given on p 449 since it might influence both of the diffusing substances 
m similar fashion 

” Under the condiUons of the cipcnment the acUvntj of Oil in C bears a con 
stant relation to the activity of IICO^ and to that of the guviacol ion G 

Wemay wtiIcK' - C.(K )(OH )and Ki - C.(K )(OHi) whcrcthcsubscnpts 
o and I refer to the outside and inside solutions rcspcctiv cl> But Ci and C, vary 
with concentration because the non aqueous phase changes. 
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the surface of Be) - (concentration of K+ m is desirable This 
cannot be done directly but we may approximate it by detemumng’® 
Ss.Ge = (concentration of KG? m the surface of jB„) - (concentration 
of K+ m A) It seems highly probable that the ratio S-^ - 
IS approximately equal to and smee we need comparative 

values only we may use and place of and 

The values of ^kc and were determined as follows An aqueous solution 
contammg equal concentrations of KG and NaG -was shaken mth a relatively 
small volume of G C mixture on a shaking machine and was then alloued to stand 
for 24 hours or longer The G C mixture was then shaken with half its volume 
of 0 08 H HCl which removed practically all of the potassium and sodium The 
determmations of potassium and of sodium were made as previously desenbed - 
The temperature was 21° db 2°C 

Since the aqueous phase loses more potassium than sodium it must be relatively 
large to keep its ratio KU — Na„ approximately constant or else it must contain 
more potassium at the start As an illustration of the latter method we may cite 
the following 104 cc of aqueous solution of 0 222 ii KOH -|- 0 151 M NaOH was 
shaken with 100 cc G C mixture After separation there was 98 cc of the 
aqueous solution m which the concentrations were 0 107 m potassium and 0 110 ii 
sodium There was also 106 cc G C mixture m which the concentrations were 

0 116 M potassium and 0 053 m sodium Hence we have = 0 116 - 0 107 = 

1 085 and S^Go = 0 053 - 0 110 = 0 482 Hence S^G^ - = 1 085 - 

0 482 = 2 26 

The situation is easily seen from the foUowmg considerations For the aqueous 
phase let us put volume = V, concentration of potassium = Ck, concentration of 
sodium = Cnb., moles of potassium = Mu, moles of sodium = 3fxa, and designate 
the corresponding values in the non-aqueous rmxture as V', Cr', etc Assuming 
that F = 1 liter, V = 10 hters, and that owing to the nature of the non-aqueous 
phase the partition coefficient, t c Ck - Cr has a value of 0 4, and that at the 
start Ck = Cxa = h wc have at equilibrium (providing no change in volume occurs 
and that potassium and sodium act independently) 

Ck = R = 1 - Mi 
^ = Ck = 04Ck = 04(1 - Mi) 


Strictly speaking wc do not determine undissociated KG in B<, but total 
(stoichiometric) concentration of potassium in which amounts to practicallv 
the same thing since the concentrations of KOII and KifCOj in B, are negligible 
in comparison with that of KG, and KG is a very v eak electroly te in B (as sho n 
by the unpublished work of physical chemists) 
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hence 


i/K”08 


Cs. -Mk -10-08-02 
C'k -OE-^IO-OOS 

Hence C'k -^CK*=0 0S-T*02 — 04 this is the Tsilue previously assumed for the 
partition coeffiaent 

Assummg that the partiUon coefficient for sodium, i e Cn ' + Ck. - 0 2 and 
proceeding m the same way we obtain for cquUibnum Cn» = 0 335, Ck Cn, - 
0J2 - 0 335 = 0 594 also Cn»' = 0 067 and Ck' - Ctj,' - OOS-0 067 -12 
This latter value changes to 1 02 when we put 1-1 and T" = 100 (instead of 1" - 
10), to 1 71 when we put 1' — 1 and V — 1, and to 1 95 when we put T — 1 and 

r = 01 

TVe see that the greater the relative volume of the aqueous solution the nearer 
the ratio C'k C'^t in the non aqueous phase approaches to the ratio of partition 
coeffiaents nhich m this case is04 — 02 = 2 


A senes of values of ^kc ond ts shown m Tig 3 They were 
determined when both KG and NaG were present in equal concentra- 
tions m the aqueous phase at equthbnum “ 

Let us now consider conditions at the mner phase boundary Here 
the partition coefEaents are and Sn^ (where = K'l — Ki and 
Sku = Na'i — Na ) We may use (concentration of KG in 

the surface of Bi) — (concentration of K+ in C) in place of 

The deteiTOinations arc somewhat uncertain because on reaching C, KG Is 
transformed to KHCOj‘ and wc must therefore dctcnrunc SkC( by shaking up an 
aqueous solution of KIICOj with G C mixture so that not onl> KG but also 
KllCOa IS taken up We can determine the total amount of potassium taken up 
but we do not know exactly what percentage of this is KG Wc can also deter 


^’Adding NaG to KG affects asfoUows As staled cLsCwhcre (footnote 5) K 
IS proportional to the ionic product (K )(G ) when act»\nlics arc taken. Using con 
ccntrations (and taking total potassium in 21 as approximate!) equal to K' ) wc 
ma) sa> that since equals (KG in 5) + (potassium ln/l)the^■alucofKGmi? 
will be approximate!) doubled when redouble G b\ adding NaC this will double 
the value of Skg since the concentration of potassium in A remains conslanL 
Tins has been tested cxpenmcntaD) and is found to be approxunatcl) true 
® Tor example when 0 63 M KIICOj at pll 7,5 was shaken up with G C. rmx 
ture the concentration of potassium m the latter was 00062 u The concentra 
tion of CO, + IICO, was 0 0025 M Trobabl) most of this was CO, hence if wc 
put CO, “ 0 002u weh3\eKC - 0 0062 - 0 0005 - 0 0057 ii (It depends on 
the pH \’aJuc of the aqueous solution ) C/ footnote 5 
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mine the total carbon taken up but we do not know exactly what per cent of this 
IS HCO 3 and what is CO 2 We find that (concentration of potassium in G C 
mixture) — (concentration of potassium in aqueous phase) vanes with concentra- 
tion and hence we conclude that 5 k, varies with concentration This also applies 
to 5Na, 

Partition 

coefficient 



Fig 3 Values of the partition coefficients and SnsGo These values were 
determined in the presence of equal concentrations of potassium and sodium 
The total concentration of G“ or guaiacol ion (taken as equal to KG + NaG), is 
plotted as abscissae Thus the value for 0 05 means that an aqueous solution of 
0 025 M KG -f 0 025 M NaG was shaken with a relativel> small volume of G C 
mixture and the partition coefficients were calculated from the amounts of KG and 
NaC found in the G C imxture 

Since the ratio S'k, — vanes wuth concentration (independently 
of pH) and since the concentration of K, Na. may nsc during the 
expenment from zero to 1 2 m there is opportunity for a change m 
the ratio K', — Na', which will affect the relative rates of entrance of 
potassium and sodium 

The values of i’n, and also vary wath pH (p 451) Since the 
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pH value m C may nse from between S and 6 to the neighborhood of 
7 6 dunng an experiment the values of 5^, and i'v,, must mcrcasc 
accordmgly Vanation in the flow of CO will also affect the pH 

It should be remembered that the diffusion “constants” and 
as here used are not constant since \anesmth the concentration of 
NaG and Vicc versa (p 447) 

0///er rectors 

It thus appears that penetration depends ]argcl> on the diffusion 
constants and partition coetEaents But it is also affected by a num 
her of other factors, among which are the following 

1 Even when the concentrations m the main body of A are kept 
constant those at the mterface may \ary for there is a concentration 
gradient in the unstirred layer which deterrmnes the concentration 
at the outer surface of B The more rapid the stimng the thinner tins 
layer and consequently the nearer K, and Na (i c the concentrations 
of K+ and Na'*' at the inner surface o! A „) will approach the con 
ccntrations m the mam body of A When the concentrations m A arc 
altered the value of K' — Na' may \ary because the partition co 
efliaents change The ratio K' — Na' (and therefore of 

will therefore depend m part on the rate of stimng 

This ratio may also be influenced b> temperature which alters the 
viscosity and hence the thickness of the layers (the viscosity is altered 
by the presence of electrolytes) Temperature may also affect the 
partition coeffiaents unequally 

If a model be used with diffusion in B more rapid than in A the 
ratio K, - Na„ may vary because, wath potassium movang into B 
more rapidly than sodium, its relatiae concentration in I® must be 
come steadily less, unless the rates of stimng and of diffusion be suffi 
aent to renew the supply (see p 452) As K., decreases potassium 
wiU more more slowlj mto B 

2 In the stirred lajers the forward moiemcnt of clcctroljte will 
depend on such factors as rate of stimng, and Mscosit> 

3 There arc concentraUon gradients in C® winch will depend on the 
factors already enumerated and which maj change the ratio I?® - 

4 Surface forces may plaj a part c g , substances diminishing sur 
face tension wall tend to remain in the surface 
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5 Reactions may occur at the outer surface and if slow enough may 
affect the result, c g , loss of water by the penetrating substance or 
molecular assoaation m the non-aqueous phase At tiie inner surface 
the reverse processes wiU occur but here ve may have m addition 
combmations with aads or other substances m C 

6 The penetration of electrol 3 d:es mto C is accompanied by tliat of 
water To understand its effect let us consider what happens when 
water is added suddenly-^ to C Thus if the concentration gradients 
m 5 be called G'^ and and the ratio be 

Gk ^ K; - K' _ 0 24 - 0 12 
Gni “Nao - Na;“ 010 - 0 04" 

and water be added to C, doubhng its volume, we have 

Gi „ Q24-006 
GNa 010-002 

In this case where the ratio K'o — K', = 2 is less than Na'o — Na^ = 

2 5 we observe that the ratio G ^ — G xa nses after tlic addition of 
vater 

When K'o — K', is greater than Na'o ■— Na', the ratio falls Tlius 
if K'o - K'. = 0 24 - 0 02 = 12 and Na'o - Na'. = 0 13 - 0 02 - 
6 5 V e have before the addition of water 

Gk 0 24 - 0 02 
Gno “0 13-002 “ 

and afterwards 

== =, 1 92 

Gno 013-001 


\\'hen Ko — K. = Nao " Na, the addition of vatcr docs not cliangc 
the ratio Tlius if K'o — K'. = 0 24 — 0 12 = 2 and Na'o — Aa , - 
OOS — 0 04 = 2ve ha\e before the addition of water 

\fter the sudden addition of water the concentration gradients would no 
longer be hnear 
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Gj 02i - 0 12 

c/,i ”oos-o(m" 

and afterwards 

Gk 0^4-006 

Cn,“ 003 - 002 “ 

Evaporation will, of course, produce the opposite effect 

The inward movement of water may have a different temperature 
coefficient from the movement of tlic penetrating substances hence 
the composition of C may depend on temperature “ 

7 There is an outward movement of substances (from C to A), e g , 
of KHCOs, NaHCOj, CO , and HjCOj This may be neglected in the 
earlier part of the process of penetration but toward the end and m 
the steady state it may become more important It is quite possible 
that the outward movement of KHCOj may differ from that of 
NaHCOj m such fashion as to produce a different ratio of Ki — Nni 
from that which would otherwise occur 

In spite of the fact that penetration is influenced bj so manj fac 
tors the experiments mdicate that the ratio of potassium to sodium in 
C depends chiefly on the partition coefficients 

EXPERUtENTS 

(a) DiJI'iiswii from A to C 

To illustrate this statement we maj ate a senes of expenments, in 
which A contained equal concentrations of Eff and Naff, B contained 
G C mixture, and C contained distilled water in which COj was 
bubbling The results are sliowai m Tabic I (p 45S) It is evadent 
that potassium predominates m C in everj case as would be avpcctcd 
m view of Its higher partition coeffiaent We scealso that the av crage 
of tlic ratio K Na in C does not differ grcatlj from ffjir m 
There is considerable variation in the ratios of K — Na changes 
dunng the progress of one expenment are shown in Tig 4 

Models I, II and III were used" a steady flow was mamlaincd m A thus 1 ccf>- 
ing Its composition approxjinatcli constant A B and C were stirred The tern 
pcralure varied between 20 and 25 C The dclcrminations of (wlassium and 
sodium were made as prcviousI> described* 

** At the start there ma> be an ootwani moi ement of water since the concentra 
tion of eIectroI>acs is greater in A than in B 
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TABLE I 


Ratios of Potassium to Sodium in the 


Experi- 

ment 

Time of 
penetra- 
tion 

Ratio K - 

Na in C 


days 



109 0 

10 

2 45 

1 

b 

8 

2 37 

Not in )■ 

c 

11 

2 28 

steady j 

58 

9 

1 4 

state ] 

63 

12 

1 5 
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66 

33 

1 6 

1 

SO 

4 

2 7 

In steady 1 

81 

4 

2 7 

state 1 

111 

SO 

2_0 

1 



Av = 2 3 



Artificial Sap iii C 


Solution in A 

Rabo of parti 
lion coefficients 
%G,“ 
•S^NaC, 

0 02 If KC? 

I 

+ 

I ^ ^ 

0 02 M NaG 

0 1 M KG 
+ 

0 1 M NaG 

1 23 

0 05 Ji KG 


+ 

i 2 14 

0 05 11 NaG 




Fig 4 Ratios of potassium — sodium in C in a model in which A contained 
0 05 M KG + 0 05 M NaG B contained G C mixture, and C contained distilled 
water at the start but had CO 2 bubbling through it throughout the experiment 
(Expenment 111) The ratio of partition coefficients is 5 kg, “ 5\aG, == 2 14 
The experimental errors arc larger dunng the first part of the expenment when the 
concentrations m C are low 
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(i) Diffimon from A to B 

It seemed desirable to examine the process of penetration at eadi 
interface separately To examme the outer interface a model iias 
constructed with A and B but without C In d was placed 01 m 
KG H- 0 1 u NaG, and in B was placed G C mixture The results 
of a typical experiment (No 83) are shown in Tig 5 
In this case the concentration gradient of chief importance is that 
m the layer B Calhng the concentration of undissoaatcd KG at the 
outer surface of this layer K', and that at the mner lumH of this lajer 



Hours 


Tig S RaUos of potassium -r sodium m B in ripcnmtnt S3 dealing with the 
interface between A and B (C was omitted from this model) The ratio of parU 
tloncoelliaentsis5KC =23 The eipcnmcntal errors are larger during 

the first part of the experiment when the concentrations in C arc low 

if, Fig 1) K'/ (with suralar designations for sodium) we may write as 
an approximation 

^ K - K/ (Sue K ) - K/ 

Em " No, - Na/ “ ISstC Na.) - Na, 

At the start, when K'/ and Na'/sre both equal to xcro, we may write 
as an approxunation 

Ek _ Exc K« 

Em Emo Na, 

Smee K, = Na, we have 

Ek Err 
Esi Emc 


“ This 13 mcrelj a convenient fiction since there is no definite lunii at this ai>ol 
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We therefore expect at the start a correlation between the partition 
coefficients and the concentrations of potassium and sodium mB 
This will also be true as the system approaches equilibrium Hence 
it may well be true of the mtermediate penod and this appears to be 
the case smce tlie ratio of was found m shaking experi- 

ments (p 452) to be 1 085 — 0 48 = 2 26 which is fairly close to the 
ratios observed durmg the progress of the expenment as shown in 
Fig 5 

When approximate eqmhbnum was reached m this experiment the 
concentration of potassium m B was 0 126 m and that of sodium 0 055 
M Hence we have = 1 26 and = 0 55 these values are 
a little higher than those obtamed m the shakmg experiments''* (where 
we found = 1 085 and = 0 48 The ratio = 

2 29 IS also a httle higher than the value of 2 26 found m shaking 
experiments 

Model III ■was employed ^ Both A and B were stirred A continuous flow in 
A kept the composition constant to within 5 per cent B contained 500 cc of 
G C mixture Equilibrium was attamed in about 52 hours The temperature 
was 20° ± 2°C 


(c) Difmionfrom B Ig C 

In order to exaimne the processes occurring at the interface between 
B and C a model was used m which B was brought mto equilibrium 
with A (by shakmg B wth a great excess of before the expenment 
was started (so that there was relatively little diffusion from yi to ^ 
during the expenment) C contained only distilled water at the start 
(no COn was bubbled durmg the experiment) In this case the chief 
movement dunng the early part of the expenment was across the in- 
terface betw'een B and C so that the layer of chief importance is B, 
Calhng the concentration of imdissoaatcd KG at tlic outer limit"-' 
(g, Fig 1) of this layer K'^ and that at the other surface K't («ith 
smailar designations for sodium) we may write as an appronmation 


c experiments in which a solution containing 0 107 ji KOH -h 0 1 10 Ji NaOII 
was shaken up -nith G C mixture as desenbed on page 452 As shown in Tig 1 
the ratio Skc^ - is \erj nearly the same at a concentration of 0 2 « C" as 

at a concentration of 0 217 ii 

This IS, of course, a con\enient fiction as there is no sharp limit at this spo 
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fiK k; - k; 

AV,* Nif — Nst 

Atypical cxpenment(Expenment86)'nasstartedmthO ImKG + O 1 
M NaG in A, distilled water saturated ■mth guaiacol (no COj bubbling) 
in C, and witb B in equibbnum with A From the very start B con 
tamed 0 1085 it KG and 0 048 Ji NaC Smcc = 1 085 and 
= 048 the ratio Sj^c ~ is 2 26 A sunple calculation shows 
that soon after the start of the experiment Ki — Na might be m the 
neighborhood of 1 6 and this agrees fairly well (Fig 6) wath observa 



Fic 6 Ratios of potassium sodium in Cm Expenmenia 860 (X) 86ft(o), 
and 86 c ( □), dealing i\ith the interface between B and C The ratio of partition 
coeffiaents is Sac ~ SutC -23 The cxpenmcntal errors ore larger during the 
first part of the experiment when the concentrations m C arc low 

tion (although the validity of this method of cnlcuHtion mn> be ques- 
tioned sec page 449) As K *= Na -we expect that as cquihbnum is 
approached Kt — Naj will approach unity and this appears to be the 
case The calculation is as follows 

Consider a thin laj er of B, onI> a few molecules thick, adjoining the inner inter 
face we niaj olU (ins Bi and the corrcspofldmg iatrr m C on the other side of the 
interface Csi For convenience we pul the volume of each of these Uj-en at 1 
liter 

Wcscethat5( containsO lOSSraoIcofKCand wemaj suppose that when water 
IS brought in contact with it enough KC instantaneous!> moves into Cu to bang 
these two la>*crs into approximate cquflibnum If during this process no more 
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In the steady state® C contained 0 73 M KHCOj + 0 45 M NaHCOj, 
giving a ratio of 1 62 

Model I ivas cmplojed yl, and C were stirred as usual A constant lloii 
was maintained in yl The temperature \aned from 20 to 25 C. durmg the course 
of the expenment 

In concluding the eYpcnmcntal part nc may sa} that in all cases 
(the dtlTuston constants hemg nearly equal) the ratio h. — Na in C 
seems to depend chiefly on the partition coeflicients But other 



fro 7 Ratio ol potassium + sodium in C in Expenment 66, dealing with the 
interface between B and C During the first part of the expenment no CO, was 
bubbled through C At 236 hours the raUo m C was unit) and 23 was in equilib- 
rium with A The bubbling of CO, was then commenced and the ratio quicUy 
changed at 2-10 hours it was 1 65 The ratio ol partition coefficients was A’rc -i- 

Sn«c “22 In the first part of the curse there arc hrger experimental errors in 
dcterrmning the concentrations of sodium and potassium (since thc> arc rclatiiel) 

low) 

factors are suffiaently influential to produce considerable vanaUon in 
these ratios 


PISCUSSION 

It seems probable that many of the aanablca discussed m this paper 
are found in living cells sucli as those of A:fc//o and of Valoma ® 

r®At this time A contained 0 043 si K6r -h 0007 si KlfCO, +0 043 si NaC + 
0 007 SI NallCO, The bicarbonate was due to diffusion of IICOl and CO, from 

^ 'ml models would resemble the living cells more dosch if we emplojrd KOIf 
and Naon in A and if KC and NaC though soluble in the non aqueous la>-er 
were proclicalb insoluble in v-itcr 
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In Valoma and Nttella we apparently have a continuous non-aqueous 
phase at the inner and outer protoplasmic surfaces We may suppose 
that these surface layers correspond to the layers Bo and B, m the 
model and that between them is an aqueous phase more or less stirred 
by protoplasmic movement or by convection currents The external 
solution and the sap are well stirred by convection currents We there- 
fore seem to have opportumty for some of the variables that are found 
m models 

In these models the chief factors appear to be partition coefficients 
and diffusion constants Is this true of hvmg cells m general? 

In seekmg to answer this question we must remember that the im- 
portance of the partition coefficients depends on the speed of diffusion 
m the non-aqueous layers When diffusion m these layers is slow 
enough to control penetration the partition coefficients become im- 
portant It would seem that this applies to most living cells since 
partition coeffiaents appear to play a highly important role It is for 
this reason that Overton’s theory is so useful, especially as amended 
by Irwm 

When the partition coefficients of two substances are not very dif- 
ferent molecular size becomes important because it determines tlie 
diffusion constants It may also be due m some cases to the fact 
that penetration is regulated more by the cell wall than by the pro- 
toplasm 

In many cases the non-aqueous layers are probably very thin 
Hence the diffusion constants in these layers must be very small or 
the concentration gradients (due to the partition coefficients at the 
two surfaces of the layer) must be very gentle m order to make diffusion 
slow enough to have the process of penetration controlled by this layer 
The diffusion constants would, of course, be small if the viscosity 
were high It is not necessary to suppose that the layers are solid 
smce protoplasm m contact ivith water rounds up as though true sur- 
face tension existed 

It may be remarked m passmg that the idea that protoplasm has a 
non-aqueous surface has been opposed on the ground that water and 
salts enter freely But the model shows that this objection does not 
hold since water and salts freely pass through the non-aqueous layer 

3° Osterhout, W J V , Ergcbn Physiol , 1933, 36, 967 
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Let US now consider the question of ionization In our models K(T 
penetrates very rapidly as compared with KCI although both arc 
equally ionized m the external solution But both arc weak elec- 
trolytes m the non aqueous phase and hence penetrate chiefly m 
molecular form The difference lies m the fact that KG has a much 
higher partition coefEaent than KCI 
There is another consideration which maj well be mentioned here, 
namely, that partition coefficients arc important m bioelectnc effects 
Assummg the latter to be chiefly due to diffusion potentials’" we may 
illustrate the situation by means of models Tor example, when only 
KG IS present the diffusion potential at the outer surface will depend 
on K', and at the mner surface on K'i Now when and 

K — Ki = 10 then K', — K't = 10 But when 5^, = 1 and 5^, ■= 

0 1, and K — K( <= 10 we have K' — K', = 100 and the diffusion po 
tential increases accordmgly Similar considerations would apply if 
KG were placed at the outer surface and NaG at the inner since the 
concentrations and consequently the potential m the non aqueous 
phase would depend on the values of Sr, and 
Aside from the question of partition coefliaents the outstanding 
fact brought out by these experiments is the large number of variables 
concerned No attempt has been made to treat all of these quanti 
tatively or to set up equations for the time curve of penetration In a 
previous paper an empincal equation was given which fits the obser 
vations satisfactorily when potassium alone is present and a ngorous 
treatment has been formulated by L G Longsworth’" by mems of 
which the time curve has been calculated By means of other cqua 
tions he has calculated the ratio of sodium to potassium in tlie steady 
state But no attempt has been made as >ct to include m this treat 
ment all the variables mentioned m this paper 

The fact that with constant concentrations of potassium and sodium 
outside there is so much v anation in their proportions m the artifiaal 
sap m C recalls the situation m Valonta where there is a considerable 
variation m the cell sap It happens that the variation is similar m 
the two cases for if we divade the highest observed ratio of K -i- Na by 

Oslerhout, W ] \ J Gen Pli}sial 1929-30 13,715 Biol Bee 1931 G,369 
Ergebn Physiol 1933 35, 967 
” Longwvorth, L G,/ Cell Physiol 1933-34 17, 211 
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the Io\%est \\c get in the model 2 7 - 1 4 = 1 93 and in the oise of 
T*o/o;na* 5 72 — 2 55 = 2 24 

In conclusion it may be appropnatc to repeat that uhcn the Ining 
cell shoi\s a great difference m the penetration of similar compounds 
of potassium and of sodium it seems safe to conclude that diffusion 
coefficients cannot be responsible since the molecular sizes cannot 
differ grcath' Hence the difference must he in partition coefficients 
This IS a \cr}’ important factor in dcalmg nith living organisms 

SUinL\RY 

Some of the factors affecting penetration in Ining cells may be 
ad\antagcousl} studied in models in uliich tlie organic salts KG and 
NaG diffuse from an aqueous solution A, through a non-aqueous l.i>cr 
B (representing the protoplasmic surface) into an aqueous solution C 
(representing the sap and hence called artificial sap) uhere they react 
\Mth CO: to form KHCOj and NaHCO: Iheir rclatiee proportions 
in C depend chicffv on tlic partition coefficients and on the diffusion 
constants in the non-aqueous lajcr But the ratio is also affected 
bj other ^anablcs, among i\hicli arc the following 

1 Temperature, affecting diffusion constants and partition coeffi- 
cients and altcnng the thickness of the unstirred lasers by changing 

\l=C05lt} 

2 \isco';it\ (espccialh in the non-aqueous lajcrs) whicli depends 
on temperature and the presence of solutes 

3 Rale of >= 111 x 10 ", which affects the thickness of the unstirred 
la\crs and the transport of electrolyte in those that arc stirred 

\ Shape and surface area of the non-aejucous layer 

5 Surface force <= 

6 Reactions occumng at the outer surtace cuch as lo=:s of water by 
the electrolyte or it== n.olecular a=^«oci 'tion in the non-aqueous ph i>-( 

71. c rt%!.n-e proce-^es will occur at the inner >=urface anrl here abo com- 
bir''t'on=: wath acub or othtr cubstance-- in the “artificial ‘='’p” may 
occur 

7 Oi’t"'’r>i d’fu' on from the artifiaat “^ap I he outward nioee- 

: "I n*' KIIO * .•’"d X'’nCt) 1 - ^rn'll comp-^red vith tlie in' 'rd 
I- f ’ KG , r (i X'G ' 1 m tf . CO 'Cl ntr t’a’-i^ are f qua! Jhi-^ 
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IS because the partition coeffiaents* of the bicarbonates are very low 
as compared with those of NaG and KG 

Since COs and HCOJ diffuse mto A and combine with KG and NaG 
the mward movement of potassium and sodium falls off m proportion 
as the concentration of KG and NaG is lessened 

8 Movement of water into the non aqueous phase and into the 
artifiaal sap This may have a higher temperature coeffiaent than 
the penetration of electrolytes 

9 Variation of the partition coeffiaents with concentration and 
pH 

Many of these variables may occur m hving cells (It happens that 
the range of vanation in the ratio of potassium to sodium in the 
models resembles that found m Valoma ) 




KINETICS or PENETRATION 
Vn Molecotas versos Ionic Transport 
By W J V OSTERHOOT, S E KAHIERUNG Am W M STANLEV 
{Vrom the taboratones of The Rockefeller InstitiUe for ilcdtcai Research) 
(Accepted for pubbcatios August 10, 1933) 

In many L ving celE potassium penetrates more rapidly than sodium 
Since the potassium ion has a greater mobihty m water than the 
sodium ion some investigators see m this situation evidence that 
electrolytes pass chiefly as ions through the protoplasmic surface, in 
which the order of ionic mobdities is supposed to be that found in water 

If It could be demonstrated that the ionic mobilities correspond m 
this way‘ it would not show that electrolytes pass chiefly as ions 
through the protoplasmic surface for such a correspondence might 
equally well enst if the movement were mostly m molecular form 

This can be seen m certain models in which the protoplasmic surface’ 
is represented by a non aqueous layer B, and electrolytes pass’ from 
an aqueous phase A through B mto an aqueous phase C (representing 
the cell sap) 

Eet us consider a typical experiment in which A contained 0 OS M 
potassium plus 0 OS u sodium, both combined with guaiacol and p 

’ Such a correspondence would be expected on the basis of Walden’s rule accord 
ing to which the mobihty of an ion is inversely proportional to the viscosity of the 
medium Hence the order of mobilities would be the same in all media This 
rule seems to work much better for large ions than for small ones (cf Ultch, H , 
Tr Faraday Soc , 1927, 23, 388) On this basis we should expect the ratio of t/g 
(the mobihty of the potassium ion) divided bv ttria (the mobihty of the sodium ion) 
to be constant in all media but this maj not be the case In the protoplasmic 
surface this ratio appears to bo very much greater than in water (cf Osterhoat, 
W } V,J Gen Physiol, 1929-30 13, 71S, JErgtiii Physiol 1933,35,967) if we 
neglect partition coefficients and phase boundar) potentials. 

Evidrallj the result will depend greatl) on the degree of solvation and on the 
formaUon of complex ions 

’ Osterhout, W J V Biol Rev 193I,G, 369 

’Oslcrbout, W J V , and Stanley , W M,/ Gen Physiol 1931-32 16,667 
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cresol to form organic salts For convenience the potassium salts 
v.ill be lumped together and called KG (as in previous papers’^) 
The sodium salts mil be called XaG 
In ^ nas a mixture of 70 per cent guaiacol -f 30 per cent /'-cresol 
which will be called G C mixture C contained at the start distilled 
water and COi was bubbled through it dunng the entire expenment * 
Under these conditions KG penetrated through B into C where it was 
transformed to KJICOj which does not readih pass out, NaG acted 
similarly As a result potassium and sodium attained much higher 
concentrations in C than m A Eventuall> a steady state was reached 
in which the volume of C increased while the composition remained 
approximateh constant the concentration of potassium in C in the 
cteadv state was about twnce that of sodium 
All three phases were stirred but at the phase boundaries there were 
unstirred lavers* in which penetration was slow because it depended on 
diffusion in the unstirred non-aqueous layers, which may be called 
Be and 7?, (where the subscripts o and t refer to the outer and inner 
surfaces rcspectutl}) it was so much slower than elsewhere that these 
two lavers controlled the process of penetration 

7 he unpublished work of ph)'sical chemists shows that KG and 
XaG arc very weak clcctrol}tcs in B and w'e ma> therefore conclude 
tint these salts move through B chiefly m molecular form 

Follow ing the u^age of prenous papers’ ^ ® w e ma> w ntc as an approx- 
imation 

Rr K7-K'. 

R'i - Na'. 

where Ry, n the rate of entrance fin mole-,) of potassium into C, 
K'. and K',, are the concentrations of undi=;'OCiated KG in the outer 
cun-'Ce of Bo and the inner surface of B, respcctiveh, and 77, is the 
d!uu= on con'^tant of undi'soaatcd KG in />’ fa corresponding nomtn- 
chturi IS u-ed for NaGj ‘ 
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This may be rewntten 

Rk (Dk\ K-Sc-KiSK, 

Rifi \flN« / Na^Ua, — Na Sk„ 

where K. is the concentration of potassium in the inner surface of A, 
Ki IS the corresponding concentration m the outer surface of C 
and 5 k, are partition coeffiaents, t e , 5k. = K'« — K and 5 k, =■ 
K'( — K( A corresponding notation is used for NaC 

Smce Uk " -On. is nearly iimty* it may be neglected and we may 
therefore suppose that the relative rate of penetration depends chiefly 
on the partition coeffiaents Wc should therefore say that potassium 
predommates over sodium m C because the partition cocffiaent of 
KG 15 higher than that of NaG 

It IS known from the unpubhshcd miestigations of physical chemists 
that the potassium ion has a higher mobihty in B than the sodium ion 
But it seems unlikely that this plays an important r6le smce (o) the 
mobihty of K+ is only shghtly greater than that of Na+ and (b) both 
KG and NaC are very weak electrolytes in Hence m passing 
through B both KG and NaG must mo\e chiefly m molecular form 
and the role of lomc mobihty is neghgible 

In order therefore to cxplam the more rapid penetration of potassium 
we must suppose that the ducf cause hes m the fact that the partition 
cocffiaent of KG is larger than that of NaG (Table I, p 477) and in 
consequence the concentration gradient m B is greater 

We may now ask whether this applies to other substances In order 
to test this we have determined the diffusion constants and the rates of 
penetration of the foUomng pairs of organic alkali salts diffusmg 
together hthium and potassium, sodium and potassium, sodium and 
rubidium, and sodium and cesium 

The Northrop diffusion apparatus’ oas used with all the suggested precautions 
The temperature was 25" d; 0 i"C 

The altali G C salts were prepared by shaking an aqueous solution of the 
hydrate w ith G C mixture and then removmg the non aqueous solution by means 
of a separatory funnel this was analyzed bv the methods prcvuouslj reported ‘ ‘ 
The solution tor the diffusion cell was then prepared b> mixmg weighed quantities 

’ Northrop, J H , and Anson, ML,/ Cen Physiol , 1928-29, 12, 543 
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of two G C solutions so that the resultant solution contained two G C salts in 
equal concentration, about 0 3 M of each This mixture w as placed inside the cell 
and 25 cc of G C mixture were then placed outside the cell and diflusion permitted 
long enough to produce a quantiU sufiiaent for anaU sis 

The amounts diffusing for the pairs of alkalies were determined b\ shaking the 
G C solution with aqueous 01 m IICI and then determining the potassium or 
sodium content of the IICI extract In all experiments with sodium present it was 
determined gra\ imctncalh either b\ the sodium magnesium uran%l acetate 
method’' or b\ the sodium nnc uran\ 1 acetate method,® the latter being used when 
the quanlit} of sodium axailable was less than S mg The other element present 
was determined b\ difference 

Tor the four pairs of alkali G C salts, each pair diffusing together in G C mix- 
ture containing them at equal concentration, the c.xpcnmcnts showed the rate of 
diffusion to be the same wathin 12 percent 

In the ease of NlhG the escape of NTIj into the air \ as noticeable and in con- 
sequence no trustworthx xalues could be obtained It ^cems fairh safe to assume 
that the diffu'^ion constant of NTI<G docs not differ much from those of KG and 
NaG 

Xo preat accurac> can be claimed for these results, but they shon 
tint the diffusion constants arc so similar that the differences bctt\ccn 
them max be neglected for our present purpose But it is of interest 
to note that in general the heancr molecule appeared to diffuse faster 
which max be due to greater solvation on the part of the lighter molecule 
It IS clear that such differences arc not great enough to account for 
the large differences observed in the penetration of these substances m 
the model (Fable I, p 477) Let us noxx inquire how far these 
differences in penetration can be explained bx the partition cocfFicients 
‘'incc It IS not possible to determine the partition cocfikicnt 
: c (the concentration of undissociatcd KG in /><) — (the concentra- 
fnn of {Kitassium in -I), we must content our=elxcs xxath determining' 
Sy r ithe concentration of jvitassium in B ) — (the concentration 
of pifisciurn in 0 1 here is probablx little difference between these 

xalue> s*nce K(/' IS a xer. v cal clectrob te in the G C mixture ' 

|r.> p'lrtP'on cnefacients are sho ai in I ig 1 It xxill fie noted 
ll t "t lo'-'e’' co"eentr’t’ons the praphi a[)proxiniate straight lines 
li , oahi be e'P'Cteil for re''=ons pxen in former pairs'* \t 
1 g'l' to"Ce’'t’“t.o'is sr"-e of the cures bend oxer and m'’> he 



Partition coefficient 


W J V OSTERHOUT, S E KAMEELING, AND W IT STANLEY 473 

approaching a partition coefi5aent of unity Determinations of KG, 
NaG, and LiG showed that the highest concentrations sho^m m Fig 



Fig 1 Graphs showing values of partiUoncoelBaent 


MGm non agneous phase 


(7~ in aqueous phase * 
where M is an alkali cation G~ in the aqueous phase is regarded as equal to 
M m the aqueous phase Up to about 0 1 M the graphs arc approximately 
straight hnes This would be expected on theoretical grounds The curve is 
dra\vn free hand to give an approximate fit to the observed values 


1 were not far from the plait pomts where the two phases fuse and 
the partition coefficients become unity 
Let us now consider the partition coeffiaents observed when a pair of 
salts (such as KG and NaG) arc present simultaneously In this case 
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it IS not suffiacnt to take the values represented m Fig 1 vhich shows, 
for example, that at 0 02 m we have ~ •S'\ac, = 0 25 “ 0 125 = 
2 The value of shown in the figure was obtained from a solution 
containing 0 02 ir KG and that of from a solution containing 
002 M iCaG But we must now use'*’ the values of 
in a solution containing 002 xt KG + 0 02 m NaG We then get 
Gkc, “ = 0 35 — 1 65 = 212 The v'alues of Gkc^ and 

Gnig, higher than those shown in Fig 1 because the concentration 
of guaiacol ion (G„) and of (OIK) is higher, which, as shown m 
previous papers, increases the value of the partition cocflicicnt lliis 
follows from the fact that K'o is proportional to (KJCG^) and to 
(K«)(OHo) when we take activities® (We can oilculatc on this basis 
with suflicicnt accuracy' for our purpose by using concentrations 
tins IS demonstrated b} making a senes of determinations ) 

The following evpcnmcnts were made to ascertain the relation 
between partition coefiiaents and rates of entrance The analytical 
procedure was similar to that for the diffusion cvpcnments (p 472) 
In all aiscs C contained distilled water at the start and COi was 
bubbled continuously throughout the experiment 

(fit) Polasstutu and Lilhitnv —-The outer aqueous phase A contained 
0 02 M KG -b 0 02 XI LiG After 8 days the ratio K — Li in C was 

0 17S M — 0 058 VI = 3 I (Evpcnmcnt 108 a) A repetition gave in 8 
days 0 250 n — OOSS vr = 2 81 (Evpenment 108 //) A similar 
experiment gave 0 081 Ixt — 0 026! vi = i 12 after 7 days (Experiment 
lOSf) the liquid in C was then removed and fre^h distilled water 
(with CO: bubbling through it) vas substituted After 9 days the 
ntio in C was 0 0852 M — 0 0229 xi == 3 72 {Experiment 108 d) 

1 he ave'ace ratio was 3 09 binct the Inchest concentration reached 
m C was KG = 0 250 and EiG = OOSS the system v as far from the 
‘^te'^eh st-itc 

A determination oi the partition coefilcients vaih 0 02 M K6 -f- 0 02 m 
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maintained m A S contamed 275 cc. of G C mature and C 20 cc. of distilled 
nater at the start, and COt was bubbled continuously throughout the eipenment. 
The temperature varied between 20 and 25“C The other experiments listed in 
Thble I, with the solution m A contauung potassium and sodium at 0 05 u each 
and 0 1 u each, have been previoudy desenbed ’ ‘ 

(i) Sodium and Ammonium — ^The outer phase contained 0 02 ii 
NaG + 0 02 M NHiG After 13 days the ratio m C was NH* — Na = 
0 1925 M — 0 0375 ii = 5 1 (Evpenment 106 o) A repetition gave 
after 8 days the ratio 0 1572 m — 0 0238 u •= 6 6 (Expenment 106 6) 
the solution m C was then replaced by distilled water in which COi 
was bubbhng and after 9 days we found 0 193 — 0 0371 = 52 (Expen- 
ment 106 e) Fresh distilled water + COi was placed in C and after 
8 days we found 0 192 u ~ 0 037 m = 5 2 (Experiment 106 d) Fresh 
distilled water plus CO was again placed m C and after 7 days we 
found 0 1731 u — 0 0289 m = 6 0 The average ratio was 5 6 

A determination of the partition coeffiaent with 0 02 m NaG + 
0 02 it NHiG in the aqueous phase gave Sma ~ = 0 885 = 

0 15 =59 

(c) Rubidium and Sodium — The outer phase” A contained 0 02 u 
RbG + 0 02 u NaG After 4 days the ratio in C was Rb — Na = 
00590 M — 00252 M = 2 34 (Experiment 113 a) Fresh distilled 
water plus CO was then placed m the C compartment After 7 day s 
the ratio in C was Rb “ Na = 0 1094 M — 0 0372 it = 2 94 (Expen 
ment 113 6) 

A determimtion of the partition coefficient with 0 02 it RbG 
0 02 It NaG in the aqueous phase gave Gate “ = 0 63 — 0 181 

= 35 

(d) Cesium and Sodium —The outer phase” A contained 0 02 it 
CsG + 0 02 11 NaG After 4 days the ratio in C was Cs - Na = 
0 0548 It - 0 0115 It = 48 (Expenment 114a) The solution in C 
was replaced by 20 0 cc distilled wafer in which COi was bubbhng and 
after 9 days we found Cs — Na = 0 0958 it — 0 0228 it = 4 2 

A determination of the partition coefficients with 0 02 it CsG + 
0 02 M NaG m the aqueous phase gave Gca; ~ ■S's.c = 1 29 — 0 135 
= 96 


” The conditions were the same os m Expenment lOS 
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(e) Potassium and Sodium — ^The outer phase A contained 0 02 ii 
KG + 0 02 M NaG After 10 days the ratio K — Na m C was 0 103 u 
- 0 042 M = 2 45 (Expenment 109 a) A repetition gave in 8 days 
0 097 M — 0 041 M = 2 37 (Expenment 109 7>) A third expenment 
gave 0107 M - 0049 M = 228 after 11 days (Expenment 109c) 
The average ratio was 2 37 

Relative amount 



Fig 2 Graph showing that the salt which predominates in C is the one 

, , , , „ , 1 j /- j m non-aqueous phase 

with the higher partition coefficient, which is denned as — 7 ;:;; ;; , 

0 ^ in aqueous phase 

where iJf is an alkali cation G~ in the aqueous phase is regarded as equal to 
M in the aqueous phase The partition coefficients are plotted as abscissae 
(see Table II, p 478) The relative amount in C is plotted as ordinates, that of 
cesium being taken as unity (see Table II) The curve is drawn free-hand to 
give an approximate fit to the observed values Observed values, o, calculated 
values, X 

The partition coefficients for 0 02 m KG + 0 02 m NaG mterpolated 
from deterimnations at several concentrations for these salts (when 
present in equal concentration) are ~ •S’Nac, = 0 35 -- 0 165 = 
21 . 

The results are summanzed m Tables I and II Fig 2 shows“ 
that as the partition coefficient mcreases the relative amount found m 
C also mcreases but the curve flattens out rather rapidly This would 

For reasons which will be discussed presently amm onium is omitted from this 
figure 
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be expected on the basis of the calculation given m the previous paper’* 
where a method is presented for calculating K, - Na. after the first 
mcrement of time Employmg this we obtam the values given in 
Column 3 of Table II 

The agreement with the observed values is surpnsmgly good when 
it IS remembered that (m addition to the difficulties mentioned in the 

TABLE n 


Relative Amounts Found in C, That of Cesium being Taken As Unity (in Determining 
These the Averages for 002 u in Table I Were Employed) 



Relative ai 

Observed 

mount in C 

Calculated 

Partition coefficient 

Cs 

1 00 

1 00 

1 29 

Rb 

0 58 

0 71 

0 63 

K 

0 52 

0 44 

0 35* 

Na 

0 22 

0 26 

0 165* 

Lit 

0 17 

0 13 

0 08 

m 

1 25 


0 88 


* The partition coefficient of Na(7 depends on the substance with which it is 
paired thus with KG it is 0 165, with RbG 0 181, with CsG 0 135, and with 
NH 4 G 0 152 the partition coefficient of KG is 0 414 with LiG, and 0 35 with NaG 
In constructing Fig 2 it was necessary to take single values and those given m 
Table II were selected as the best established since more determinations were 
made The differences m the values for 3 ’kGo and S’s^^Go depending on the alkab 
accompaninng it may be due to a number of factors, including vanations in 
temperature and m the composition of the G C mixture 

t The relative amount (both calculated and observed) of lithium was related to 
that of cesium by relatmg cesium to sodium, sodium to potassium, and, finally, 
potassium to Uthium 

previous paper’*) the detenmnations were not made at the beginning 
but at later stages and even m the steady state 
Furthermore in these expenments CO 2 was bubbhng m C and water 
was entenng neither of these factors was taken into account in the 
calculation 

We see that both calculation and observation mdicate that the rate 

’* Osterhout, W J V , Kamerhng, S E , and Stanley, W M , / Gen Physiol , 
1933-34, 17, 449 
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of penetration is not directly proportional to the partition coeffiacnt, 
but increases somewhat less rapidly This may also be the case with 
hvtng cells 

wscnssiON 

The order of partition coefficients is 

Ca > NH, > Rh > k > Na > Li 
That of rates of penetration is 

NH, > Q > Rb > K > Na > Li 

The fact that ammonium appears to penetrate rapidly is quite in ac- 
cord mth biological experience for we find that m general its penetration 
mto hving cells is relatively rapid The reason usually given is that 
m addition to penctratmg as ammomum (either free or combmed) it 
can penetrate as NHj This would also apply to the models If, for 
example, B contamed undissoaated NH(G, NH 4 OH, and NHj, the 
last would have the highest diffusion constant on account of its small 
molecular weight In addition to this it is quite possible that the 
partition coeffiaent is really higher than the analysis shows owmg to 
loss of NHs durmg the determination We may therefore regard 
ammonium as not stnctlj comparable to the other salts 
Considenng onl> cesium, rubidium, potassium, sodium, and hthium 
u e see that the order of penetration corresponds to that of their parti 
tion coeffiaents and to that of the lomc mobihties m water Hence 
it would seem that similar causes determme the order of lomc mobilities 
in water and the order of partition coeffiaents This will be discussed 
m forthcommg papers by physical chemists smee their w ork mdicates 
that these salts arc w eak electrolytes m 5 we may conclude that ionic 
transport m E plays a subordmatc r61e and that the partition co 
efficients are chiefly responsible for the order of penetration 

The predommatmg effect of the partition coefficient is also shown 
m experiments with KCl Here the diffusion coeffiacnt is presumably 
greater than for KG but in spite of this the rate of penetration is 
extremely small, correspondmg to the very small partition coefficient 

SUMMARY 

In some hving cells the order of penetration of certam cations 
corresponds to that of their mobihties m water Ihis has led to the 
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idea that electrolytes pass chiefly as ions through the protoplasmic 
surface in which the order of ionic mobilities is supposed to correspond 
to that found in water 

If this correspondence could be demonstrated it would not prove 
that electrolytes pass chiefly as ions through the protoplasmic surface 
for such a correspondence could exist if the movement were mostly m 
molecular form 

This IS clearly shown m the models here described In these the 
protoplasmic surface is represented by a non-aqueous layer interposed 
between two aqueous phases, one representing the external solution, 
the other the cell sap 

The order of penetration through the non-aqueous layer is 
Cs > Rb > K > Na > Li 

This will be recognized as the order of ionic mobihties m water 
Nevertheless the movement is mostly m molecular form m the non- 
aqueous layer (which is used in the model to represent the protoplasmic 
surface) smce the salts are very weak electrolytes in this layer 
The chief reason for this order of penetration hes in the fact that the 
partition coefficients exhibit the same order, that of cesium bemg 
greatest and that of hthium smallest 
The partition coefficients largely control the rate of entrance since 
they determine the concentration gradient in the non-aqueous layer 
which m turn controls the process of penetration ’The relative 
molecular mobilities (diffusion constants) in the non-aqueous layer 
do not differ greatly The lomc mobilities are not known (except for 
K+ and Na+) but they are of neghgible importance, smce the move- 
ment in the non-aqueous layer is largely m molecular form They may 
follow the same order as m water, m accordance with Walden’s rule 
Ammonium appears to enter faster than its partition coefficient would 
lead us to expect, which may be due to rapid penetration of NH3 This 
recalls the apparent rapid penetration of ammonium m hvmg cells 
which has also been explamed as due to the rapid penetration of NHs 
Both observation and calculation mdicate that the rate of penetration 
IS not directly proportional to the partition coefficient but increases 
somewhat less rapidly 

Many of these considerations doubtless apply to hvmg cells 



BLAIR’S “CONDENSER THEORY” OF NERVE EXCITATION 

Bit W A H. RUSHTON 

(From the Physioh^ical Laboratory, Umvcrstly Colkgc, London, England) 
(Accepted for publication, November 8, 1933) 

In four recent papers, Blair (1931-32, 1932-33) has developed a 
mathematical concept which he bcheves to underlie the cxatation 
process in nerve and muscle, and he urges that a deeper msiglit will be 
gamed mto this process if observations are expressed m terms of the 
equations which he has denved Since on the one hand many experi 
menters do not easilj digest the somewhat nch diet of mathematics 
provided m these papers, and smce on the other the author appears to 
have overlooked certam defects in his theory, it is proposed in this 
note to pomt out in non mathematical terms some qualitative ad- 
vantages and quantitative objections to Blair’s treatment 

Prolonged Currents 

When a constant current is applied to a tissue, the exatatory state 
first quicklj rises and then (if the threshold is not reached) slowly de- 
clmes, though not to zero It is thus possible by incrcasmg a current 
m small steps to apply inthout response a current mudi in excess of 
the rheobase If the steps are infinitesimal the case becomes that of 
slowly rising currents This property appears to be one of the funda 
mental facts to be answered m any comprehensive theory It enters 
mto all discussions of Nemst’s hypothesis under his term “accommoda 
tion” and has proved the stumbling block in many treatments In 
particular one of the limitations of the “condenser thcoiy” is that it 
will not contemplate this property of nerve and muscle 

If a tissue IS represented as a shunted condenser (Fig 1) it is appar 
ent that when a certam voltage is applied and retained constant, the 
charge on the condenser will nse to a value characteristic of that volt 
age, and become quite independent of whether the voltage imtially 
rose suddenly or exceedingly gradually And this which is intmtively 
clear from electrical considerations equally follows from Blair’s cqua- 
4SI 
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tions which are the exact mathematical equivalent It is consequently 
obvious that the condenser theory is quite inapplicable to cases of 
prolonged currents, because the tissue “accommodates” and the con- 
denser does not 

Blair, however, attempts to apply his equations to the cases of slowly 
rismg currents, but shelves the only significant aspect of the question — 
the minimum gradient — by suggesting that this is due to some phe- 
nomenon different from the local excitatory process 

With regard to the opening excitation, which originates at the anode, 
It has been usual to regard this as some sort of rebound after the proc- 
ess of “accommodation ” If this is the case the consideration were 
well postponed until some clearer views are available concerning the 
minimum gradient — which is probably closely related Blair, how- 


-nruvmruh — 
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~o 


Fig 1 


ever, supposes that the opening excitation is due to a sudden shift in 
the sensitivity of the tissue so that a certam magnitude of the excita- 
tory process, madequate to excite while the current is flowing, suddenly 
becomes adequate owmg to the threshold falhng faster than the rate 
of decay of the exatatory process 
Smce this requmes that the openmg excitation should occur at that 
electrode where exatabflity was enhanced dunng the current flow, 
namely the cathode, this concept is quite untenable 
These considerations emphasise that whatever may be the ad- 
vantages of the condenser theory for brief currents, the theory un- 
modified has no place at all m relation to prolonged currents 
It is very easy to make a suitable modification, for mstance by the 
assiunption that there is polansable connective tissue m senes with 
the tissue This accounts quahtatively for all the chief results with 
prolonged currents— -the mmimum gradient, the opening excitation, 
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etc, — and if this polansation is represented as a leaky condenser it is 
easy to denve the appropriate equations But what is required is the 
physical invcsbgation of what polansation does in fact occur, not what 
equations result from supposmg that such a polansation behaves like 
a parallel plate condenser 


BneJ Currents 

The fact that the condenser theory is inapplicable to conditions m 
volving “accommodation” does not m any way mvahdate it as a 
theory apphcable only to bnef currents, for m these cases “accommo- 
dation” whatever it is, may be regarded as msuffiaently developed 
to be significant 

I wish to suggest that in this domam the condenser theory is a useful 
quahtative guide, and a valuable basis upon which to build a more 
accurate concept of the eaatatory process But both m its simplest 
form and m the modification b> Blair it is quantitatively madequate 

Blair docs not c.'cphcitly assume that the tissue is to be regarded as 
a shunted condenser (fig 1), but he postulates that it obey the mathc 
matical law which governs the flow of clcctnaty m such a condenser 
system, and hence all the results which he denves arc identical mth 
those on the condenser theory 

Actuall> he claims that a nerve cannot be regarded as a condenser smee other 
wise an alteration m senes resistance would change the time relations This argu 
ment falls to the ground if the condenser is assumed shunted bi a resistance small 
compared with the senes resistance The recent papers of Urarath (1930) and 
Eichler (1931) deal with this matter caperunentally and in detad 

Turning now to Blair’s form of the condenser theory, we note that 
he first makes the assumption that the condenser must attam a certam 
fixed charge h m order that exatation maj occur This is a very 
reasonable physical concept (and by no means a new one) but it has 
the disada antage that it docs not accurately fit the facts To remedy 
this the assumption is non modified, and the charge must attam not h 
but It + aF, where T' is the applied voltage at the moment of exata 
tion, and a is a constant There is no physical justification for this 
assumption nor can I find a physical meaning to it It appears, more 
over, to be contrary to facts 
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In many preparations Blair claims that a is positive, let us con- 
sider what happens m this case according to Blair’s hypothesis If the 
tissue IS excited by a constant current of voltage V, the threshold 
during the whole period of current flow mil be // -h aV, but the instant 
after the current ceases the threshold will have fallen to h Now the 
excitatory process takes a finite time to decay, hence it will not have 
dimmished appreciably between the mstant before and the instant 
after breakmg the stimulatmg arcuit Consequently, if the exatatory 
process had attamed the value h before breakmg, it would have at- 
tained this value the instant after breaking and consequently would 
cause excitation We must therefore conclude that where a is posi- 
tive the threshold required will not be /i -f- aF but still h 

But not only does the hypothesis which we are considering bung 
the results no nearer the facts but it also mvolves two conclusions of a 
very startlmg kmd For if the rheobase current be stopped after 
flowing for a duration just greater than the utihsation penod it need 
only be such a strength as will cause the excitatory process to attam h 
If, however, the rheobase be contmued mdefinitelyso that exatationis 
observed to occur while the current is still flowmg, then the excitatory 
process must attam the value h -f oVr where Vr is the rheobase m 
this case It is obvious that accordmg to this a htg/icr threshold is 
required for a current which contmues than for one which is stopped, 
which is very contrary to experience 

Again it appears that at the mstant of starting the stimulus the 
threshold will rise from 7/ to h -f aF If F is negative {t e the pomt 
we are considermg is anode) the threshold will not rise but fall when 
the current starts, and if F is made large enough the threshold will fall 
below zero, j c , the tissue will be excited by the restmg value of the 
exatation process This result is surprismg, it signifies that with 
strong currents, exatation should anse at the anode, the current need 
not flow for any finite duration, nor is the threshold reduced by in- 
creased duration of flow 

Nothmg would be served by dwellmg further upon Blair’s modifica- 
tion of the condenser theory, for we have seen that it is unrelated to 
any likely physical mechamsm, that it does not m fact fit observations 
any better than the unmodified theory and that it mvolves conse- 
quences of a totally madimssible kmd 
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CONCLUSIONS 

With regard to the advantages of the condenser theory, they have 
been urged by so many authors from time to time m connection with 
so many different experimental mvestigations, that it is impossible to 
treat the matter in this place Suffice it to state that although it rarely 
happens that the theory fits accurately the observations, yet over a 
very large range there is a good qualitative correspondence, and this 
IS illustrated m the papers of Blair In particular m the calculations 
relatmg to strength duration curves and voltage capaaty curves, the 
latter relation was determmed from the former without any arbitrary 
constants at all, and the correspondence is suffiaently stnkmg 

The folloivmg conclusions therefore seem penmssible 

The condenser theory m its simple form though quite misleadmg 
when applied to cases of prolonged currents is a useful qualitative 
guide where brief currents are concerned 

The senuquantitative correspondence which subsists between 
theory and observation m a very wide field suggests that something 
equivalent to the condenser mechanism may underhe the phenomena 
of exatation as commonly measured The particular modification of 
this theory put forward by Blair, however, is not physically plausible 
and leads to inadmissible conclusions 

SUMMARY 

Blair’s recent theory of exatation is analysed ivith the following 
conclusions 

1 The theory is mapplicable to currents of long duration ,tc , slowly 
mcreasmg currents and the opening exatation 

2 The theory is a modification of the condenser theory of excitation 
but the modification is to be rejected on three grounds 

(o) The modification has no obvious physical significance 

(b) It docs not in fact remedy the divergence between calculation 
and observation 

(c) It leads to certam conclusions of a surpnsmg kmd which are 
contrary to observed fact 

3 The quahtativc value of the condenser theory is demonstrated 
by the fairly close agreement between calculation and observation over 
a considerable field of enqmry 
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CORRECTIONS 


In Vol 17» No 3, January 20 1934 page 328, formula (2) should have 
mcluded in the numerator a senes of major parentheses t e for 


percentage of bound water = 


• A + Km 


X 89 2 


read 


percentage of bound water ■ 


/lOOO . \ 

V 892 / 

1000 , 

Ao — - A 

892 


X 89 2 


In Vol 17i No 3, January 20 1934 in the equation m the center of page 


368, a decimal point has been omitted For ij 


1 + 05i^ 
(1 


read q = 


1 +050 
(I - <p)' 


at some time after the 64th and before the 89th hour of their develop 
ment has been passed at 27° have a facet number mtermediate bctu cen 
131 and 272 facets Tor example, the Arcs developing from larvae 
transferred to 17° at the end of the 80th hour of their development at 
27° have on the average 222 facets The curv e of the directly obsen ed 
data connectmg the two lines for the facet levels of the upper and 
lower temperatures (Luce, Tig 3) is thus a compound curve Each 
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point on the curve is the sum of a certain number of facets determmed 
at the beginning of the effective period at 27° plus a certam number 
which are produced presumably in the latter part of the period at 17° 
If we knew for different pomts on the compound curve the two com- 
ponent values, then these data would allow one to reach in this indirect 
manner the time course of facet determmation 
When the length of the effective period is known for the two tem- 
peratures, along with the average number of facets produced at these 
temperatures, and also the number of facets produced for different 
times of transfer durmg the effective period, then all the available 
data are m hand for attempting the dissection of the compoimd curve 
into its two components The simplest possible assumption to make 
for proceeding with the analysis of the data is that if a certam per- 
centage (x) of the effective period is completed at the temperature 
from which the transfer is made, then the remainder (100-a.) is passed 
at the temperature to which the transfer is made and at the rate 
characteristic for the temperature concerned It will be shown below 
that the data may be quite satisfactorily analyzed on the basis of this 
assumption One may, however, doubt the correctness of the assump- 

tion, but whatever error is mvolved does not seem to be larger than 
the experimental error A further assumption which needs to be made 
for undertakmg the analysis is m regard to the form of the function 
descnptive of the time course of facet determmation The simplest 
assumption m this regard is that the time curve is linear This as- 
sumption does not lead to satisfactory results Likewise the assump- 
tion that the increase in facets is a simple exponential function of 
time IS mconsistent with the data The assumption on the basis of 
which the results to be discussed were obtained was that of a symmetri- 
cal sigmoid curve Smce consistent results are obtained a presump- 
tion IS created that the assumptions made are to be accepted as being 
m agreement with the facts but one may not conclude that the result- 
mg equations necessanly give the form of the true function To draw 
such a conclusion it would need to be shown further that the form of 
function which gives consistent results is the only one that could 
possibly apply 

The problem may be formulated analytically m the following terms 
The number of facets (y) m flies resultmg from the transfer of larvae 
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m the effective penod is a function of the time (t) spent m the effective 
period at the temperature from which the transfer is made, that is, 

y = /W 

This function gives the compound curve Of the number of facets 
(y) at any value of /, some are produced at the temperature from which 
the transfer is made and the remamder at the temperature to which 
the transfer is made Any particular value of the function is conse 
quently the sum of two defimte mtegrals 

„ ^ 

Jo n Jx * ij 

The first term to the right m the equation gives the number of facets 
deternuned durmg a certam percentage of the efi'ective period at the 
temperature from which the transfer was made, indicated as 27°, 
while the second term gives the number of facets determmed during 
the remamder of the effective period at the temperature to which the 
transfer was made, mdicated as 17° The terms under the mtegral 
signs are m each case the first derivative with respect to tune of the 
function describing the tune course of facet determination at each 
temperature And since we make the assumption of a symmetrical 
sigmoid curve then for each temperature 

m which A is the upper asymptote, given by the average number of 
facets produced at each temperature when the whole penod is passed 
at one temperature, and k is the velocity constant to be estimated 
from the dissected data When mtegrated this equation in straight 
line form becomes 


log - K (I -Id 

A - y 

m nhich K ^ kA and h is the time when the penod is half completed 
The determination of the compound curve, y ■= /(<) for the data 
obtamed by the method of transfemng larvae from one temperature 
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to another would m some cases be obviously complicated and its 
analytic dissection into the two components would be by no means a 
srniple task from the standpomt of the application of the necessary 
mathematics (Indeed I am not aware that mathematics has received 
any extensive application in this direction ) A less elegant method, 
but one which need not lead necessanly to inferior results, is to make 
a simple arithmetic dissection of the data by trial and error and then 
to determme K in the above equation from the resultmg data This 
was the method used m reachmg the results given below 

The purpose of this paper is to present the results of the application 
of this method to the data on ultrabar males and females contributed 
by E C Driver (1931) The necessary data were made available to 
the writer by the courtesy of The Wistar Institute where they were 
placed on file by Dr Dnver 

The object of the analysis is to determme the course of the reaction, 
or in other words, the constants m the above equation A is given 
directly by the average number of facets possessed by males or females 
when the whole period of development is passed at one temperature 
and these values are given in Table II of the filed data From Tables 
IX to Xni mclusive of the filed data the limits of the effective period 
may be detemuned and so h of the above equation becomes known 
The effective periods estimated from the data are a little longer on 
the average than the results from the same data given by Driver The 
method used by Dnver (1931, p 10) was to take “the pomt at which the 
plotted Ime of facet count by time shows the first definite departure from 
the count of flies at one or other of the two constant temperatures, or, 
if this Ime is intersected, the pomt of mtersection ” The same general 
method was followed by the writer except that a double logarithmic 
plot was used An advantage of this method is that it tends to make 
somewhat sharper the pomts which give the limits of the effective 
period 

We are especially mterested in the value of k, the velocity constant, 
which may readily be known from the relation K — kA Values for 
the determmation of K can be dissected from the observed data by the 
method of simple trial and error This method is explamed m more 
detail m the following paragraph 

Driver’s Table Xlll contams the data for the determmation of the 
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Imuts of the effective period at 27°, which was estimated in the 
manner mentioned above to be 22 hours tor males begmmng at S7 
hours and endmg after 79 hours of larval life were passed at this 
temperature The larvae m this case were transferred to 17°, at which 
temperature it was estimated from Driver’s Table X that the effective 
period for males was 62 hours long ertendmg from the 130th to the 
192nd hour of larval life at this temperature Fhes developmg from 
larvae transferred to 17° at the 61st hour at 27° had finished 4 hours 
of the effective penod at 27° This corresponds to 11 3 hours at 17° 
The average number of facets which flies with such history show is 
given m Driver’s Table Xm as 28 0 After tnal and error it was 
estimated that about 1 facet was produced at 27° The remamder, 27 
facets, were produced m the remaining percentage of the period which 
IS eqmvalent to SO 7 hours at 17° Smce males have on the average 
29 0 facets at 17°, from these values then 2 0 facets are produced on 
this basis m 11 3 hours at 17° Similarly it was estimated m this way 
that at 27° after 7 hours m the effective period there were 3 facets, 
after 9 hours 5 9 facets, after 13 hours 11 5 facets, after 17 hours 16 
facets, after 20 hours 17 4 facets The value of K at 27° was then 
determmed for these dissected values and found to be 0 1696 (For 
all such determmations the use of Table LX, Robertson, 1923, greatly 
reduced the necessary calculations ) 

It happens that 27° was the temperature to which larvae were 
transferred m experiments to determme the lengths of the effective 
penod at 17°, 20°, and 22° Sunilar determmations for K for the 
curve for 27° from the senes of data (Dnver’s Tables X-Xn) give 
the foUowmg values 0 1615 for the transfer from 17°, 0 1479 for the 
transfer from 20°, and 0 1436 for the transfer from 22° The close 
Eimilanty of these four values for K makes one feel perhaps more 
confident m the approxunation of the assumptions made to the actual 
situation The average of the four values is 0 1557 which is taken as 
the final value of K for the reaction for males at 27° A temperature 
of 17° was mvolved m two experiments The values of K from these 
two cases were 0 0543 and 0 0593, givmg an average of 0 0568 The 
remammg temperatures were mvolved only once m the transfer expen 
ments The limits of the effective penod at 25° were not detenmned 
This temperature was used however m the transfers from 15° The 
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Some general notion of such relationships may be obtamed from Fig 
2 Alpatov’s data (1929, Tables 6-8) served as the basis for the curves 
for the growth m length of the larva durmg the three mstars Both 
axes have been reduced to a percentage basis and the effective periods 
for the males at the different temperatures superimposed at the 



Fig 2 The curves of Fig 1 with each axis reduced to umtv, that is taLeu as 100 
per cent, are supenmposed at their proper places upon the curves of growth shon 
ing the percentage increase in larval length for the three mstars. 


appropriate places on the curves showing the percentage mcrease in 
larval length for the three mstars It can be seen that the effective 
periods for 15°, 17°, and 20° fall cntu:cl> or mainly m the second mstar, 
while the effective penods for higher temperatures fall m the third 
mstar The conclusion suggests itself that the discontinmt> found in 
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the value of k between 20° and 22° is causally related to the change m 
the relation of the effective penod to the instars 
hi the figure the effective period for each temperature has been 
plotted m a similar wa}'- with the abscissae representmg percentages 
of the effective penod and the ordinates percentages of the average 
number of facets at the different temperatures The underlying 
idea here is that of the relative growth function, y = lx'' One 
of the wa 3 *s in which this function can be stated is as follows* If a 
vanable x increases by a certam per cent, another vanable y mcreases 
bhewise by a certam fixed per cent The ratio of the per cent 
mcrease m y to the per cent mcrease m x gives the value of k, the 
coeffiaent of growth partition It is madvisable to make any more 
direct apphcation of the relative growth function to the data than 
can be grasped from the figure smce the data available for growth 
m larval length are for 28° only and for a different stock It can be 
seen, however, that k, the coefficient of growth partition, would almost 
certaml}' change with temperature and perhaps be constant for any 
particular temperature There is an mdication of a change m the 
coeffiaent of growth partition for those temperatures where the facet 
curve of Fig 2 approaches its asymptote while the curve for mcrease 
in length is m a qmte different section of its course In regard to a 
value for k it can be seen from Fig 2 that as the larval length, taken 
as 0 . m the relative growth function, mcreases by about 1 per cent, 
the facet number (y) mcreases by about 5 to 7 per cent Con- 
sequently for these vanables k of the relative growth function has a 
value in the neighborhood of 5 to 7. 

The facet-determ mmg process may be considered, secondly, from 
the standpomt of the nature of the events which occur in the optic 
disc dunng the temperature-effective penod If the sigmoid curve is 
a true approximation for descnbmg the course of the reaction then it 
may be said that differences between members of the bar senes m 
regard to the process of facet determination do not represent merely 
developmental arrests of the process at some greater or lesser distance 
from a common upper as 3 mptote, but the termination of the process 
is approached as 3 'mptotically The same conclusion apphes to the 
action of different temperatures on any particular member of the 
senes, if ultrabar may be considered as typical of the entire senes 
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It IS known from the work of Hewitt (1908) that m Musca domesltca 
the optic disc (H) gives nse to ommatidia (0) and hypodermis (H) of 
the side of the head This reaction which is eqmvalent at least formally 
both to a monomolecular reaction and to an embryonic segregation, 
may be symbolized as follows 

B 0 + ff 

Is it this reaction which occurs durmg the effective penod? Another 
possibihty IS the suggestion that durmg the effective penod the optic 
disc IS merely a center of mitotic activity with the embryonic segrega- 
tion occurrmg instantaneously at the end of the penod Such an 
mstantaneous reaction, at least from a chemical pomt of view, would 
reqmre that the elements taking part m ommatidial production would 
be m the same state at that instant, so that the reaction (segregation) 
would take place with mfinite rapidity A third possibility would 
allow for the optic disc durmg the effectite penod to be both a center 
of imtotic activity and also the locus of an embryonic segregation 

On any of these views it would seem necessary to assume that at 
the beginnmg of the effective penod there would already be a greater 
or smaller number of cells either to begm a cycle of mitotic activity 
or to participate m an embryonic segregation Consequently one 
would expect the reaction of the effective penod to be maugurated by 
an mitial flash productive of a greater or smaller number of facets 
But if this IS the case the consistent results presented above would 
imply that such an mitial flash at the beguimng of the penod m ultra 
bar would not be extensive enough to obscure the sigmoid character 
of the mam reaction 

SUMMARY 

By a dissection of the data obtamed by Dnver on the effective 
penods at different temperatures m males and females of an ultrabar 
stock of Drosophila mclanogasicr it has been found that a symmetncal 
sigmoid curve satisfactorily desenbes the time course of the facet- 
determinmg reaction Consequently the differences between members 
of the bar senes m regard to this reaction do not represent merely 
developmental arrests of the process at some greater or lesser distance 
from a common upper asymptote, but the tcmunation of the process 
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is approached asymptotically The velocity constant/temperature 
relation shows a discontmmty in the neighborhood of 21° which may 
be causally related to the change m the position of the effective penod 
from the second to the third mstar The velocity constant apparently 
does not conform to the well known Arrhenius equation m its relation 
to temperature 
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THE REVERSIBLE INACTrVATION OF BACTERIOPHAGE 
BY BICHLORIDE OF MERCURY 

A P KRUEGER juro D M BALDWIN 
(From the Department oj Bactenotogy, Umvernty of Calijontia, Berkeley) 
(Accepted for pubbcation, November 20 1933) 

We have shown (1) that the inactivation of antistaphylococcus 
bactenophage by 1 10,000 HgClj (001 percent or 11/2720) at 22'’C 
m infusion broth adjusted to pH 7 6 proceeds according to the cqua 
tion dP/dt = R[HgCy [P, — P<] over the range studied, where P — 
[phage] in activity units, P„ •= initial phage/ml , and Pi — phage/ml 
inactivated in tune i 

It was further demonstrated m these eipenments that if the inacti 
vated suspension were exposed to the action of HjS when only some 
5 per cent of the original phage remamed active the mitial titrc of the 
phage suspension was restored Control experiments indicated that 
the restoration of activity occurring upon precipitation of Hg++ ions 
was due not to any propagation of residual active phage but rather to a 
reactivation of the phage ongmally mactivated 

The question arose as to the influence of the tunc concentration 
factor on the inactivation process, t e , whether prolonged exposure to 
Hg++ ions or the use of high HgClt concentrations would irrevcrsiblj 
mactivate phage The present erpenments were conducted with this 
m mmd 

The general procedure was to expose standard phage suspensions 
contaming 1 X 10'” actinty units/ml (2) to the action of various 
concentrations of HgClj for given lengths of tune An aliquot of each 
suspension was then titrated for residual active phage while the 
remamder was treated with HjS to preapitate Hg++ The excess H,S 
was removed by thorough aeration and the phage concentration of the 
reactivated suspension determined Details of the methods and the 
experimental controls cmplo>ed arc desenbed m our earlier paper (1) 
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A. Inachvaiton 

Table I is a summary of eleven experiments It is evident from the 
results m Experiments 1-6 that inactivation progressing for long 
periods of time does not follow the previously recorded inactivation 
curve which holds for short periods According to calculations based 
on the experimentally determmed value of K for the equation k ~ 

. In " ■ when [HgCy = 1/10,000 (0 01 per cent), all 
t[xlgd2j Jto — Jr t 

the phage should be inactivated at 4 4 hours Actually, however, 
traces of active phage can be detected even after 268 hours These 
residual concentrations are beyond the range of titration, for not less 
than 1 X 10^ activity imits/ml can be measured accurately on this scale 
It is not possible then to follow the remainder of the reaction quantita- 
tively and it can merely be said that while the inactivation process 
fits the curve for a pseudomonomolecular reaction until the amount of 
active phage remainmg is less than 0 5 per cent of [P]o, the reaction 
beyond this pomt apparently proceeds more slowly than would be 
anticipated 

B Reactvoahon 

Reference to Table I shows that 100 per cent 3 aelds resulted when 
reactivation was performed even after exposure of phage to f satu- 
rated HgCb (2 8 per cent) for 216 hours In certain earlier experi- 
ments, not reported here, we were unable to effect a 100 per cent 
reactivation if [HgCb] were very high and found that to accomplish 
this end it was necessary to dilute the HgCb-phage mixture sufficiently 
(e g 1 1,000) before precipitatmg the Hg++ When this precaution 
was followed the entire onginal quantity of phage could be recovered 
(c/ Experiments 9, 10, and 11) 

C Test for an Actvoator 

It has been suggested that the phenomenon of phage inactivation 
and reactivation mvolves some hypothetical activator specific for 
phage rather than the lytic principle itself Upon this basis it would 
be assumed that the reversible inactivation of phage represents a 
reaction between Hg++ and the activator, the phage bemg altogether 
unaffected by the bichlonde Agamst such a postulate are two facts, 
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first that no one has demonstrated the existence of an activator for 
phage and, second, that the entire phenomenon of bactenophagy is 
explicable as a reaction between a smgle substance, phage, and the 
bacterial cell Accordmgly, there would be no necessity at this time 
to complicate the facts further by picturmg phage as consistmg of two 

TABLE r 


Reacitvatim of Aniislaphilococcal Phage afler Exposure lo ffjC/j by PrecipitaUon 
of Bg** 

M expenments in infusion broth at tl°C pH 7 6 


No 

IHgCbJ 

Re*c tinted 
After 

IdUIa! 

|(lhA£«} 

Rttiduil 
(phagt} alter 
lucUvalioD 

(Phagt] after 
rescuvitioa 

Phige 

recovered 



hrt 




ptr €ni 

1 

l/IO 000 

0 01 per cent 

24 

5X 30* 

SX 10’ 

4 X 30* 

SO 

2 

1/10 000 

0 01 per cent 

43 

5 X 10> 

3 X 10* 

S X 10' 

100 

3 

1/10,000 

0 01 per cent 

48 

S X 10> 

1 X 10, 

4 5 X 10> 

90 

4 

1/10 000 

0 01 per cent 

72 

5X 10> 

3 X 10> 

5 X 10> 

300 

5 

1/10 000 

0 01 per cent 

168 

5X 10' 

Trace 

5 X 10* 

100 

6 

1/10,000 

0 03 per cent 

263 

5 X 10* 

Trace 

3 X 10* 

100 

7 

1/2 000 

0 05 per cent 

48 

5 X 10' 

Trace 

4 8 X 10’ 

96 

S 

1/2 000 

0 05 per cent 

120 

5 X 10' 

Trace 

S 2 X 10’ 

104 

9 

1/36 

2 8 per cent 

SO 

5 X 10’ 

None 

4 5 X 10’ 

90 

30 

1/36 

2 8 per cent 

50 

5 X 10* 

None 

5 X 10' 

100 

31 

1/36 

2 8 per cent 

216 

5X10> 

None 

4 7 X !0> 

94 


components Certaml} the tendency to analyze biological phenom- 
ena bj mvokmg different reactants for each stage of a reaction has 
not produced happy results m the past 
To senouslj rule out the existence of an activator for phage is a 
formidable experimental task and for the present it seemed adequate 
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the Hg ions (5) The second phase of the reaction, however, cannot 
be reversed 

This sequence of events apparently does not tale place nhen HgCU 
acts upon phage That is, within comparable limits of concentrations 
and tune the bichlonde phage reaction is completely reversible while 
the bichlonde bactenum reaction is only partially reversible TTnfor 
tunately one difficulty presents itself m companng available data con- 
cernmg the two reactions, the reports on reversible disinfection of 
bactena employ a qualitative cntenon of survival m judgmg the 
efficacy of reversal procedures, and reversal is said to have occurred 
if any fraction of the treated bactenal suspension, no matter how small, 
is capable of growth There is nothmg to suggest m such end point 
experiments that reactivation has taken place umformly throughout 
the bactenal population, w hereas m our phage experiments we not only 
have demonstrated the quahtative phenomenon of reversal but have 
shown that all the mactivated phage could be reactivated 

Admittmg this mcongruity of data, there is still suffiaent analogy to 
make companson mterestmg For example. Gegenbauer (6) found 
that 5 aurett$ cultures exposed to 1 2,000 HgCh (0 05 percent) 
contamed viable sumvots after 1 3 hours but were altogether non 
viable after 2 3 hours When exposure was followed by treatment 
with HjS, survivors were present after 72 hours m HgCU but not after 
101 hours Chick’s results with B paraiyplmus (5) are of the same 
general order With phage 100 per cent of the ongmal lytic pnnciple 
can be recovered after 120 hours exposure to the identical concentra- 
tion of bichlonde 

Even when the very resistant spores of B anthracts are employed ns 
the test organism and the same end pomt techmque is followed, 
bactenal protoplasm is found to be irreversibly damaged by high 
concentrations of Hg++ Thus Miillcr (7) reported the followmg 
experimental data 


Anthrax Spores Treated mth /7jCU at 37^C 


ConcenUa tiers lifCU 

Crovtlt vbeQ sntitlste «u 
Eddedstter 

ho rro-Elh i»b« tntjdotc m 
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day* 
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1 0 
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2 0 
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In contrast phage can be reactivated with a 100 per cent yield after 
9 days in 2 8 per cent of HgCla 

The experimental evidence then sets phage apart from bactenal 
protoplasm whether the latter is a vegetative cell or a resistant spore 
form, in that a smgle reagent, bichloride, actmg upon these two sub- 
stances appears to evoke fimdamentally difierent reactions It imght 
be said, of course, that just as anthrax spores are more resistant to the 
final lethal action of HgCb than vegetative cells m general, so phage is 
simply a stdl more resistant form of the same elementary protoplasm 
and that analogy is mcomplete merely because we have not examined 
all existmg forms of bactenal life from the standpomt of mactivation 
and reactivation This conclusion is theoretically as tenable as an- 
other which could be drawn from the experimental data, namely, that 
the difference between the bichlonde-bactenum reaction and the 
bichlonde-phage reaction speaks for a significant difference between 
bacterial protoplasm and the substance we call phage Here analogy 
would place phage with the enzymes, for there are recorded numerous 
mstances of complete reactivation of enzymes after mactivation with 
a variety of ions (8-11) 

In the light of present knowledge one caimot conclusively select one 
hypothesis to the absolute exclusion of the other It can merely be 
said that if phage consists of small corpuscles of protoplasm, as some 
beheve, it is a umque form of this substance, infinitely less susceptible 
to the toxic effects of HgCl 2 than the most durable forms so far mvesti- 
gated 


CONCLUSIONS 

1 The complete mactivation of antistaphylococcal phage by HgCb 
(2 S per cent for 216 hours) can be reversed by precipitation of 
with restoration of the phage to its origmal titre 

2 This behavior seems more compatible with the known proper- 
ties of certam enzymes than with those of hving protoplasm 
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THE KINETICS OF PENETRATION 
Vm Temporary Accemolation 
ByW J V OSTERHOnTAMBS e kamerling 
{From the Zahoratona oj The Rockefeller Institute for Medical Research) 
(Accepted for publication, November 14, 1933) 

Potassium accumulates m many livmg cells, becommg much more 
concentrated inside than outside This also happens m certam 
models’ m which carbon diovide is contmuously supplied to the arti- 
ficial sap to mutate its production by the livmg cell In such models 
the concentration of potassium steadily mcreases up to a certam pomt 
and then remams stationary while the volume of the artifiaal sap 
contmues to mcrease This seems analogous to what happens m 
growmg cells 

The nature of accumulation m such cases can be shown more clearly 
by settmg up a system which is left to itself mstead of bemg contmu 
ally supplied with new material 

As an example we may cite a model m which 0 03 M KOH was placed 
m an outer aqueous phase A separated by a non aqueous phase B, 
from an mner aqueous phase C contammg 10 m HCl, which may be 
called artificial sap Phase B consisted of 70 per cent guaiacol plus 
30 per cent p-cresol which substances may be collectively designated 
HG KOH reacts with HG to form KG and passes as such through 
B to C where it reacts with HCl to form KCl The result is the same 
as though KOH passed as such, so that we may speak of KOH as 
passmg through B to C 

A typical eipenment (No 123) was made as follows Model I was used ’ 
Phase A contained at the start 2 liters of 0 03 M KOH phase B 1100 cc. of G C 
mixture (70 per cent guaiacol plus 30 per cent ^-crcsol) which was saturated mth 
water and phase C contained 100 cc. of 1 0 M HCl Phases A and B were stirred 
raechamcallj , phase C by bubbhng a stream of air The temperature varied from 
21-25°C Prom tune to time phase C was removed, its volume determined and 


’ Osterhout, W J V , and Stanley , W M J Gen P/iyuof, 1931-32, 15 667 
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a sample taken for analysis The total aadity was determined by titration with 
standard alkah, the concentration of chloride ion was determined by titration with 
standard silver nitrate, potassium thus bemg found by difference Values for the 
potassium concentration so obtained checked satisfactorily with those found by 
our customary procedure ^ 


We have KOH on one side of the non-aqueous layer and HCl on the 
other They tend to mix by passing through this layer and forming 
KCl in A and m C But in a given time so much more KOH than 



Fig 1 Curves showing that the concentration of potassium m C reaches a 
maximum (at S) and then falls off The concentration of KOH in A, and of HCI 
in C, falls from the start In this expenment (No 123) A contained at the start 
0 03 M KOH, B was guaiacol plus ^-cresol, and C contained 10m HCl at the 
start Volumes of C are given m cubic centimeters 

HCl passes through B that most of the KCl is formed in C, where the 
concentration of potassium becomes much greater than m A This, 
however, is only temporary for when the system comes to equilibrium 
the composition of A and C will be identical since all the substances 
present can pass through the non-aqueous layer 
The behavior of potassium is seen m Fig 1 ® Its concentration m 
the artificial sap (m C) mcreases imtil it is much greater than m the 

*In this, as m the other figures, the curves are drawn free-hand to give a 
rough fit 
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external solution (mA) It reaches a maximum at 5 and then dedmes ’ 
At equihbnum it will be the same m A and C The dedine is analogous 
to what happens m a dymg cell and eqmhbnum corresponds to death * 
The rapid mward movement of potassium at the start depends on 
two thmgs, (1) KOH reacts with the guaiacol and p cresol to form 
orgamc salts which may be collectively called KG and treated as one 
smce their behavior is very similar (2) KG has a relatively high 
partition coeffiaent' (defined as the concentration m the non aqueous 
divided by that in the aqueous phase) and m consequence a relatively 
high concentration gradient m S, as the result of which its diffusion' ' 
through B is relatively rapid (As explamed m previous papers' ' it 
moves through B chiefly m molecular form ) 

When KG reaches the artificial sap it is changed to KCl accordmg 
to the scheme 


KG + HCI - KCl + HG 

and HG is retamed m B The result is the same as if KOH penetrated 
and reacted m the sap accordmg to the scheme 

KOH + HCI - KCl + H.O 

We may use this scheme as more convenient and state that 
potassium will tend to enter as long ns the lomc activity product (K) 
(OH) IS greater m A than m C 

As KCl has a relatively low partition coeflicicnt m B its concentra 

' The concentration declines for two reasons, (1) water moves from A to C, and 
(2) KCl moves from C to there is also a movement of HCI in the same direction 
which contmues as long as the pH of A is greater than that of C (which is still the 
case at 1551 hours) 

These movements of course, influence the volumes At the start the volume 
of A IS 2 hters this dedmes as water moves into C The volume of C which 
starts at 100 cc. mcreases and at 1551 hours is 290 cc. This is to be expected 
smce the osmoUc pressure rs higher m C than m A 

* This might mean a Donnan equihbnum in case the cell contained ions unable 
to pass out through the cell wall Otherwise the internal and external solutions 
would eventuallj become idenUcal 

' Osterhout, W J V,Kamerhng, S E nndStanle>,W M,y Gen Physiol, 
1933-34 17, 445 469 

'Osterhout, W J V , 7 Cell Physiol .mi-il 16,529 
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tion gradient remains low and it moves outward very slowly Eventu- 
ally, however, as its concentration in C nses, its outward movement 
becomes great enough to offset the entrance of KG so that the con- 
centration of potassium becomes practically stationary for the time 
being (S, Fig 1) 

This temporary stationary state corresponds to the permanent 
steady state m those models m which the concentration of KG in A 


MoJap 



Fig 2 The concentration of potassium nses to a fixed value, that of potassium 
in A and of CO 2 m C remains constant In this experiment (No 64 of previous 
papers^’® ®) A contained at the start 0 05 M KG and this was kept approximately 
constant by a continuous flow, and C contained at the start distdled water, CO 2 
was bubbled through C dunng the entire experiment, B was guaiacol plus ^-cresol 
Volumes of C are given m cubic centimeters 

IS kept constant® ® and HCl is replaced by CO 2 m C, the concentration 
of the latter being kept constant We then find (Fig 2) that the ac- 
cumulating substance (which is KHCO 3 instead of KCI) increases until 
its concentration is much higher m C than m A In consequence water 
enters C and this contmues until the steady state is reached m which 
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water and electrolyte enter m a fixed ratio and the volume of C con- 
tmues to increase while its composition remains approximatelj con 
stant ’ Consequently the potassium curve nses to a certam level at 
which it remams If the supply of CO, falls off the pH of C uses and 
the curve declines 

The steady state appears to be analogous to nhat we find in gromng 
cells For example, when we add to the sea water m which Valoma 
IS growmg* a small amount of NHj it enters and there is a rapid accu 
mulation of NHiCl which reaches a steady state m which its concen- 
tration remains approximately constant 
It would seem that m the cell, as m the model, accumulation depends 
on the fact that the permeability to the accumulatmg substance is 
greater for the form in which it enters than for the form in which it 
goes out (« g greater for NH, than for NHiCl and greater for KG than 
for KCl) This depends chiefly on the partition coeffiacnts and dif 
fusion constants ‘ • ’ 

Before leaving this subject let us glance for a moment at the effect 
of mjuiy This may produce a twofold effect, (1) increase of perme 
ability, (2) lessened accumulation The total amount of electrolyte 
taken up in a given time will be influenced by these factors and in the 
mjured cell may be greater than norma! or less, depending somewhat 
on the length of the mterval of time chosen A dead Valoma cell 
might for a short time take up more electrolyte than a hvmg one but 
m the end the hvmg cell would take up more 
Let us now consider the energy relations We may write 

Fa -F, + 2-3 RT log (K ) (OH,) 


and 


Fc-^C -i-2JRT log (Kd (OHd 

where f, is the thermodymamic potential of 1 mole of KOH in the 
standard state, Fa and Fg arc the thermodynamic potentials of KOH 

’ This 15 Eipcnmcnt 64 of a preceding paper (sec footnote 1) See also foot 
note 5 

* Jacques, A G , and Osterhout, W J V,/Gfit T/ijji of, 1930-31 14,301 
The ammonia appears to enter as JMfi rather than as h«TL+ 

•See Osterhout, W J V.Arjrto TAjnef. 1933, 38, 933, ff , 1002 
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It IS evident that Akoh represents a driving force directed in'^ard 
{t e causing KOH to move from A to C) and Ahci and A^ci reprc 
sent dnvmg forces directed outward To make this evident m 
the graph (Tig 3) Akoh and Ahci are plotted m opposite directions 
We see that Akcj, starting at aero, nses and then falls The fall 
could be prevented if HCl were kept constant m C and if K.OH in A 
were continuously renewed by a flow of solution which at the same 
time removed KCl from A “ This is evident from Tig 4 which shows 



Fio 4 Shows behavior in the model (Expenment No 64, sec Fig 2) of the 
following Akoh* the driving force which causes KOH to move inward (t e , from 
A to C) Ah, CO* the dnvmg force which causes HiCOj to move outward (* e , 
from C to A) and Akhco* the driving force which causes KHCOj to move out 
ward After Arhco* becomes constant the volume of the artificial sap in C con 
tmucs to increase (which seems to be analogous to what happens m growing cells) 
Akoh and Ah,co* ^'ould show more change if KOH and COj ^ ere not continuously 
renewed (this differs from the expenment sho^vn in Fig 3 in which KOH and HCl 
were not renewed) The ordinates for Akoh represent the \alue of 




2JKriog 


(K.) (OH>) 

(Ki) iom 


the ordinates for Ah,coi represent the value of 




2AKriog 


(Hi) (HCChi) 
(H.) (HCO,.) 


(the equation for Akiico is simflar) Wc put i? « 1 988 and T -• 296® 


This case would dificr from that illustrated m Fig I in that HCl moving into 
A produces relatively httle effect since the soIuUon m 4 is continually rcnei\cd. 
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an experiment of this sort in which, however, CO 2 was substituted^® 
for HCl m C, its concentration bemg kept constant 

The calculation of A made it necessary to take account of the activities of K+ 
and CI~ Although these are not known an attempt was made to approximate*® 
them as follows the activities of K+ and Cl“ were regarded in all cases as equivalent 
to those in a solution of KCl of the same lomc strength, on the assumption that 
in such a solution the activities of K'*' and Cl~ are equal The ionic strength in 
A IS practically equivalent to the concentration of K+ and m C to the concentra- 
tion of Cl~ 

The activity of KCl was taken from the tables of Hamed The concentra- 
tions m A of K+ and Cl~ and the activities of and OH“ were in some cases 
estimated by graphic mterpolation 

In the experiment shown in Fig 3 energy is furnished by the reac- 
tions KOH + HG = KG -f H 2 O and KOH -f HCl = KCl -f H 2 O, and 
also by differences m osmotic pressure in A and G In the experiment 
shown m Fig 4 the chief sources of energy are the reaction KG-f H 2 CO 3 
= KHCOs-f-HG, and likewise the continuous addition of KG and CO 2 
to the system There are also differences in osmotic pressure 

DISCUSSION 

Dunng the first part of the experiment potassium tends to go in as 
KOH (since (K<,)(OHo) > (K.)(OH.)) and as KG (since (Ko)(Go) > 
(K,)(G,)), and at the same time to go out as KCl (smce (K,)(C1,) > 
(Ko)(Clo)) These opposmg tendencies do not balance until K, be- 
comes much greater than K„ hence potassium accumulates The 
reason is that much less KCl than KG moves through m a given 
tune because the partition coefficient of the latter is relatively high 

The value of Ah,co» falls off somewhat because the concentration of COj in- 
creases somewhat m A because CO 2 moves from C mto A a httle faster than it is 
removed by the flow of hquid in A 

It will be noticed that no pomts are given on the graph m Fig 4 for AhiCO» 
in the early part of the experiment This is because no determinations ivere 
made of COj in A during the early part of the experunent 

A rough approximation is all that can be attempted as individual ion activi- 
ties cannot be ascertamed See Guggenheim, E A , / P/tys Chem , 1929, 33, 842, 
Macinnes, D A , in Cold Sprmg Harbor symposia on quantitative biology, 1933, 

1, 190 

*■* Hamed, H S , in Taylor, H S , A treatise on physical chemistry. New York, 

D Van Nostrand Company, Inc , 2nd edition, 1931, 1, 769, 772 
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This illustrates very clearly that m addition to the dnvuig force and 
the diffusion constant we must also tahe account of the partition coef 
fiaents Since K.G and KCl are weak electrolytes m B it is the dif- 
fusion constants of the molecules with which we have to do As KG 
has the larger molecule it probably has the smaller diffusion constant, 
yet moves more rapidly than KCl through B because its partition coef- 
fiaent and m consequence its concentration gradient is greater Sunilar 
prmciples apply to livmg cells (where potassium may unite with a 
constituent X of the protoplasm to form KX) 

It IS evident that, other thmgs bemg equal, accumulation will m 
crease as the pH of the sap deaeases, since the products’* (Ki)(OH() 
and (Kj)(Gi) will be kept lower and consequently the dnving force 
of KG and KOH will be greater Hence anythmg that checks the pro 
duction of aad b> the cell may be expected to check accumulation 
and likewise growth Conversely a rise of the external pH may be 
expected to have the opposite effect This accords with experience, 
as discussed elsewhere ’ 

This model recalls the situation in Valoiw (and many other living 
cells) where potassium accumulates chiefly as KCl It has been 
suggested’* * that in this case potassium enters ns KOK and forms KA 
m the sap (where A is an organic anion) In some plants it accumu 
lates as KA* but when HCl exists m the external solution it w ill tend 
to enter and displace the weaker acid HA (if this be carbonic it can 
readily escape) hence potassium may accumulate to a greater or less 
extent as KCl 

SDIQIAKY 

A model” is described which throws light on the mechanism of accu 
mulation In the model used an external aqueous phase A is separated 

’* What applies to one oE these products apphes also to the other since under the 
conditions of the experiment G~ stands in a constant relation to OH~ (Oslerhout, 
W J V ] Cen Phyml , 1932-33 16, S29 Smubr considctaUons ma> applj to 
a considerable extent to living cells 

>* Osterhout, W J V , Pm Soc Exp Biol am! JM , mi-27, 24, 234, / 
Gen Physiol 1930-31, 14. 283, Rn.mi 6 369 

” il oie Ad!e! to Proof —Our nttenuon has been called to a paper bj Teorell 
(Tcorell T , Stand Arch Physiol 1933 60, 223) describing temporar} accu 
mulation 
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by a non-aqueous phase B (representing the protoplasm) from the 
artificial sap m C A contams KOH and C contains HCl they tend 
to mix by passmg through the non-aqueous layer but much more KOH 
moves so that most of the KCl is formed m C, where the concen- 
tration of potassium becomes much greater than m A This accumu- 
lation IS only temporary for as the system approaches eqmhbrium the 
composition of A approaches identity with that of C, smce all the sub- 
stances present can pass through the non-aqueous layer Such an 
approach to equilibrium may be compared to the death of the cell 
as the result of which accumulation disappears 

Durmg the earlier stages of the experiment potassium tends to go 
m as KOH and at the same tune to go out as KCl These opposing 
tendencies do not balance until the concentration of potassium mside 
becomes much greater than outside (hence potassium accumulates) 
The reason is that KCl, although its drivmg force be great, moves very 
slowly m B because its partition coefficient is low and in consequence 
its concentration gradient m jB is small This illustrates the impor- 
tance of partition coefficients for penetration m models and m hvmg 
cells It also mdicates that accumulation depends on the fact that 
permeability is greater for the mgomg compoimd of the accumulatmg 
substance than for the outgomg compound 

Other thmgs bemg equal, accumulation is mcreased by mamtammg 
a low pH m C Hence we may mfer that anythmg which checks the 
production of acid m the livmg cell may be expected to check accumu- 
lation and growth 

This model recalls the situation m Valoma and m most livmg cells 
where potassium accumulates as KCl, perhaps because it enters as KOH 
and forms EL4 m the sap (where A is an organic anion) In some 
plants potassium accumulates as KA but when HCl exists in the 
external solution it will tend to enter and displace the weaker acid 
IL4 (if this be carbonic it can readily escape) hence potassium 
may accumulate to a greater or less extent as KCl 

Injury of the cell may produce a twofold effect, (1) mcrease of perme- 
ability, (2) lessened accumulation The total amount of electrolyte 
taken up m a given time will be mfluenced by these factors and may 
be greater than normal m the mjured cell or less, dependmg somewhat 
on the length of the mterval of time chosen 
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usually creeps back and forth from one end of the 7 cm cell to the 
other If now the stnped plate is moved m the durection in which the 
fly IS creepmg, the fly stops, creeps backward for a few miUuneters, 
turns around, and rapidly runs off in the opposite direction This 
behavior is almost diagrammatic By movmg the plate repeatedly 
back and forth, it is possible to keep the fly revolving about any pomt 
m the cell 

It IS sunple to show that the behavior of the fly is not acquired 
during Its first essays at motion We allowed several pupae to emerge 
m complete darkness, each m an experimental cell The response of 
the flies durmg their very first exposures to light was just as charac- 
teristic and clear as that of older flies raised m the hght A measure- 
ment of the threshold for a response to a given stripe made with one 
of these flies gave a value of 1 8 X lO'^miUiIamberts, the measurement 
occupied 3 nunutes durmg only a small fraction of which the fly was 
actually illummated 8 days later its threshold was 1 5 X 10~* 
milhlamberts, an agreement well withm the daily variability of the 
animats Between these two measurements the fly had been exposed 
daily to the light from an open wmdow Evidently the response of 
Dmophtla to movmg patterns is an inherited, complicated reflex 

Almost all animals with eyes perform such directed reactions when 
presented with a movement m their visual environment (Ljon, 1904, 
Garrey, 1905, Hadley, 1906, Demoll, 1909, Doflem, 1910, Loeb, 1918, 
Schheper, 1927, Hecht and WoU, 1929, Grundfest, 1931, Schulz, 1931) 
The response is either jnth the direction of the environmental displace 
ment, or agatmt the displacement Thus fish under certam conditions 
follow a movmg pattern (Grundfest) as do certam arthropods (Schlie 
per), whereas bees (Hecht and Wolf) and Drosophila move agamst the 
background motion 

The animals which move with the motion of the background are fish, 
aquatic msects, crabs, and ho\ ermg insects, which mamtain relatively 
stationary positions for some tunc even m a movmg medium Verj 
likel} they accomplish this by opticallj fixating some portion of their 
visual field and adhering to it even if thej have to swim or fly against 
the current On the contrarj, the animals which move against the 
displacement in their visual field are bees and flics which move in a 
relatively stationary environment WTicn they fly or creep, their 
visual cnviromncnt usually passes bj them Them response when 
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their visual field suddenly begins to overtake them is then concerned 
with so orienting themselves that the visual environment assumes its 
characteristic motion past them 

It is to the pomt that the one animal which has been studied under 
both conditions may go with or agamst a movement m its visual field 
dependmg on whether the animal itself is fixed or free to move The 
honey bee when it creeps freely always goes agamst any movement of 
Its visual environment Confronted with a series of movmg stripes, 
the change in direction of creepmg of the bee results from the bendmg 
of the head and thorax m the new direction opposite to the stripe 
movement On the other hand when the bee is fixed in position and 
confronted by a similar movement of stripes, the head and thorax- 
characteristically follow the movement (Schlieper) 

The mam significance of these responses for us is that they may be 
used as a tool m the quantitative study of the visual capacities of 
animals In the present experiments, the response of the fly was used 
merely to mdicate that the fly resolved the particular pattern presented 
to it under the given conditions The response is so vigorous and 
clear-cut that even at threshold conditions it is unmistakable Actu- 
ally at these threshold conditions the fly does not leap backward and 
turn about, rather it stops when the stripes are moved in the direction 
in which it is creepmg, and starts again when the stripes are moved m 
the opposite direction This was the constant response used as end- 
point m all the measurements to be described 

We made no special effort to control precisely the speed of the plate 
movement used m evoking the reaction However, this motion 
was always sufficiently slow so that any complication by fusion of the 
stripes IS out of the question ^ To obtain a sharp response it is not 

^ This IS the difficulty with the work of Graham and Hunter (1931) who in 
using this method for measuring the visual acuity of humans found that a moving 
pattern yielded markedly different results from a stationary pattern One of us 
(GW) with the help of Dr Harry Grundfest repeated enough of Graham and 
Hunter’s measurements to be certam that such discrepancies disappear when the 
plates are moved with the velocity which we habitually use in these expenments 
This ivas confirmed personally by Dr Graham, who saw these measurements It 
emerged that in the work of Graham and Hunter the pattern had been moved very 
much more quickly, — so quickly indeed that fusion occurred This high rate of 
moUon of the pattern completely accounts for the aberrant results obtained by 
these authors 
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necessary to move the striped plate more than just perceptibly faster 
than the movement of the fly itself 

m 

Apparatus and Procedure 

The relation v/hich visual acuit> and intensity discnmmation both bear to the 
prevailing intensity may be measured in two ways One may set a gi\ en intensity 
and detemune by trial with the animal what the visual acuity or the mtensity 
discnmmation correspondmg to it is or one may choose a pattern correspondmg to 
a given visual acuity or select a given mtensity difference and by trial with the 

ins 



Fig 1 First apparatus for raeasunng mtensity discrimination 


animal detemune the intensity at which the resolution of the pattern takes place or 
the intensity difference is recognized With mtensity discnnunation we used both 
methods with visual acuity onl\ the latter 

The apparatus used for the first method of measuring mtensity discrimination 
consists essentially of a movable set of vertical stripes separated by interspaces of 
the same width, the whole being so arranged that the illumination of the stripes and 
of the interspaces may be controlled independently It may be understood by 
reference to Fig 1 

The hght from a 500 watt concentrated filament Mazda lamp falls on two sepa 
rated, and light msulated portions of an opal plate (opal 1) thus forming two 
secondary sources of illumination an upper and a lower The lamp is kept in one 
dark room, the rest of the apparatus m another the wall between the two con 
tains two openings for the light to reach the two portions of opal 1 which is m 
immediate contact with the openmgs m the wall The intensity falling on opal 1 
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when the aiunml responds to the movement indicating that it can distinguish 
between the mtensities of the alternating stnpes 
The apparatus for the second method of measuring mtensitj discnrmnation is 
much simpler than for the first method Here the animal is presented with a plate 
so constructed that its alternating stnpes transmit a fixed ratio of mtensities, and 
the prevailing intensity is adjusted until the fly responds to a movement of the 
plate Fig 2 makes the arrangements clear Light from a 500 watt concen 
trated filament Mazda lamp m one dark room falls on an opal gloss plate (opal 1) 
which covers an opening m a rectangular box mounted on the wall of the dark room. 
Ihe opposite end of the box opens against a hole in the wall leading into an adjoin 
mg dark room Immediately against the hole is another opal glass (opal 2) which 
forms one waU of a second rectangular box of which the opposite wall is a third opal 
glass plate (opal 3) The mtensit> of the bght falling on opal plate 3 is controlled 



Fig 2 Second apparatus for measuring mtcnsit> discnminalion This set up 
also serves to measure visual acuit> 

(o) discontinuous!! by plaang the laropat three selected distances from opal I, and 
by removing opal 1 and (b) continuouslj for the mter% ening steps b) means of the 
accurate ins diaphragm m front of opal plate 2 The lilummation on opal plate 3 
can be accurately and continuously vaned over a range of 6 logarithmic units of 
intensity 

Immediatel} m front of opal 3 is the stnpcd plate, mounted in a carnage which 
shdes easQy along brass tracks A plate is composed of translucent bars and 
cquall> wide clear interspaces For all the plates the width of the bars and 
spaces IS the same, and the clear interspaces arc the same The plates differ in 
the densitj of the bars, so that each plate represents a pattern of stnpes whose 
alternating elements have a fixed ratio of bght transmissions The plates were 
prepared bj photographicail> enlarging on Eastman Process plates a stnpcd 
pattern accurately engraved bj Max Z-iCvj and Compan> of Philadelphia The 
Lcv> plate consists of equall> wide, altemauog opaque and dear stnpes, such as 
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were employed m the visual acuity work with the bees (Hecht and WoK) By 
varying the time of exposure and keepmg all conditions of hghtmg and develop- 
ment constant, a graded senes of stnpe densities were obtained The six plates 
which we used were cahbrated for the transmissions of the stnpes and the clear 
spaces with a Koemg-Martens spectrophotometer usmg hght of 500 mju 

The measurements are made by settmg for each plate an mtensity at which 
motion of the plate produces no response The mtensity is then gradually raised 
by small steps until the characteristic threshold reaction of the animal is ehated 
Knowing the mtensity of the clear spaces and the relative transmissions of the 
bars and clear spaces, we have a measure of the difference in intensity required at a 
given intensity for the fly to respond to the stnpes 

We began with the first apparatus, but soon abandoned it for the second, which 
ve adopted because of its greater simpliaty, and because we could also use it for 
measunng visual acuity All that is required for determinmg visual acuity with 
the second apparatus are plates of proper density and size of stnpe We prepared 
photographically a senes of stnped plates, usmg Eastman Process plates and East- 
man special hydroquinone developer They were all enlargements of the accu- 
rately made Levy plate previously mentioned The size of tlie stnpes was vaned, 
but the exposures were complete In this way we secured plates with stnpes of a 
very high degree of opaaty, transrmtting certainly less than 1 /10,000 of the inci- 
dent light, and with interspaces which were almost perfectly clear The trans- 
missions of the clear spaces were nevertheless measured and an appropnate correc- 
tion apphed to the mtensity 

The procedure for makmg the visual acuity measurements is similar to that for 
intensity discrimination For each plate an intensity is set at which a motion of 
the plate evokes no response The intensity is then gradually raised and the fly 
tested until an mtensity is found at which it just gives its charactenstic response 
Elnowing the distance of the fly from the plate and the width of the stnpe, the 
visual acuity is merely the reciprocal of the visual angle in mmutes The distance 
of the fly from the plate was kept constant for each senes of measurements, though 
It was not the same for all the senes It is of the order of 15 mm and is measured 
from the center of the e)"e 

The flies used in aU the measurements here recorded were selected from a 
homozygous wild-tjqie stock and w'ere grown in the commeal-agar-molasses 
medium, seeded with j east, used by Morgan and his coworkers In our final 
measurements only females were used, because they crawled more slowly and 
steadil) than the males Each female was usually supphed with a male, and the 
pairs were quartered m individual vials containmg 2 per cent agar in Pasteurs 
medium seeded with j east In this w'ay a flv could be kept active for 3 weeks 
and longer 
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IV 

RESULTS 

1 Intensity Discnminahon — With the first apparatus we made 
measurements of the intensity discnmmation of seven flies dunng 



“-3 -/ -O 

lo^cjr/f/7/77 ff/pfyer Infens/fj/ 


Fic 3 Intensity discnmination of Drosophila Each measurement with 24 
flies IS recorded The crosses were secured with the first apparatus, the dots with 
the second apparatus. 
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October and November of 1930, with the second apparatus we meas- 
ured seventeen flies between February and June of 1931 Each 
measurement with each fly is shown in Fig 3, where those made with 
the first apparatus are crosses and those with the second apparatus 
are dots It is apparent that the results from the two sources are the 
same, and that the data are homogeneous The 113 measurements 
have been combined in the obvious groups mto which they fall m the 
plot m Fig 3, and have been averaged These averages are given m 
Table I The curve drawn through the data m Fig 3 is made to pass 


TABLE I 


Inlcnstty Discnmmahon of Drosophila 


No of readings 

Higher intensity 

(1 + A/) 

Lower intensity 

(/) 

Perceptible 

difference 

(AI) 

AT 

I 

AT 

T + AT 


milUtambcrIs 

millilamberls 

vitllilamberls 



16 

0 00773 

0 000104 

0 00763 

73 33 

0 987 

12 

0 0137 

0 00109 

0 0126 

11 57 

0 920 

24 

0 0186 

0 00300 

0 0156 

5 20 

0 839 

12 

0 0269 

0 00706 

0 0198 

2 81 

0 736 

13 

0 0533 

0 0165 

0 0368 

2 33 

0 690 

6 

0 0753 

0 0269 

0 0484 

1 80 

0 643 

9 

0 139 

0 0532 

0 0858 

1 61 

0 617 

14 

0 333 

0 132 

0 201 

1 52 

0 604 

7 

1 62 

0 647 

0 973 

1 50 

0 601 


through these average pomts, and it is plain that the averaged data 
are a real representation of the individual measurements 

The data show that at the lowest intensities, for the fly to recognize 
the pattern, the higher mtensity has to be about 100 tunes as strong 
as the lower As the mtensity mcreases, the just perceptibly lower 
mtensity increases at first much more rapidly than the higher, then 
the two mcrease at about the same rate until the ratio of higher to 
the just perceptibly lower mtensity becomes about 2 50, which 
value IS mamtamed up to the highest intensities This is shown by 
the fact that the plot m Fig 3 rapidly approaches a straight Ime with 
a slope of 45° 

In order to be certam that the ratio of the two perceptibly different 
mtensities imdergoes no further change as the mtensity mcreases, we 
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tested flies at intensities up to 1000 millilamberts Our first appa 
ratus vanes the ratio continuously, but unfortunately cannot achieve 
high intensities The second apparatus can reach high intensities, 
but gives ratios in discrete steps only Using the second apparatus we 
therefore tested flies at three intensities to each of three plates whose 
stnpes transmit light in the ratios of 1 84, 2 17, and 2 77 respectively 
The data for Fly 10 c are given in Fig 4 The measurements made in 
the usual way are marked with circles The responses of the fly to the 
highest three intensities are shown by a minus sign when it failed to 
respond, by a plus sign when it responded clearly, and by a combma 
tion of the two when its behavior was doubtful 
Fig 3 and Fig 4 show that intensity discnnunation m Drosophila 
begms to be effective at a prevailing brightness of 0 OOS millilamberts 
At this value, intensity discrimination is extremely poor, but m the 
short space of half a logarithmic unit the intensity discrimination 
improves at a tremendous rate so that it reaches very nearly its 
maximum value, which then remains constant for 4 5 log units up to 
the highest mtensities obtainable m the measurements 
It should be pomted out that even these high intensities arcnotreally 
high for Drosophila We give the intensities in millilamberts, which 
are bnghtness units for our eyes Our photometric measurements 
represent the effectiveness of light in terms of the efficiency of the 
spectrum, which for our eyes with a 500 watt lamp is maximal between 
560 and 570 m/s The maximura effectiveness of the spectrum for 
Drosophila is at 360 mp at which point the light is easily 100 times more 
effective than at 560 mfi (Bertholf, 1932) Considering the compare 
lively trifhng amount of light of 360 rap which a 500 watt lamp emits, 
and the tnflmg amount which the various opal glasses transmit, a 
brightness of 1000 millilamberts thus secured must be a fairly low 
mtensity for Drosophila It will therefore be important to extend 
these measurements of inten5it> discrimraation using ultra violet light 
A praetical consequence of this situation for our present measure 
ments is that a photometnc reproduction of a given brightness in the 
present apparatus as made with visible light and with our cj es need 
not necessarily represent a simflar amount of effective energy for 
Drosophila m the ultra violet Indeed we often did find x anations 
m threshold which are xery likely due to this factor In combining 
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the measurements of many animals as in Fig 3 and also later m Fig 7, 
we compensated for these occasional changes m threshold by shifting 
the data equally along both mtensity axes to brmg them mto con- 



Fig 4 Intensitv discnmination of Fly 10 c to show that even at the highest 
lUurmnations mtensity discrimination remams at its maximum and does not 
detenorate 

formity Since the mtensity is plotted logarithmically, the procedure 
IS simple and introduces no difficulties 
In Table I and m Figs 3 and 4 the measurements are given in their 




SELIG HECHT AND GEORGE TVAU) 


529 


simplest and most direct form, namely as the two intensities which 
when placed side by side m stripes are just discriminated by the flies 
as mdicated by their response to the movement of the pattern formed 
by these mtensities Following common procedure one may call the 
lower mtensity T and the higher I + A/, the difference between them 



-z ~i o 

L cy f — ni/li/omberfs 

Fig 5 The average data of intcnsit) discnmination plotted as A/// against 
log 1 The fraction A/// remains mmimal at the highest illuminations 

against log I in Fig 5 In the present instance, this method of 
describing mtensity discrinunation overemphasizes the events at the 
very lowest intensities A value of Al which is 80 times as large as / 
itself tells only that 7 is probablj below or very near the threshold of 
visibility In particular, the plot of A7// against log 7 fails to brmg 
out what IS apparent from the direct data themselves (Figs 3 and 4), 
that there is a sharp change m intensity discrimination at about log 
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(/ + A/) = ~1 7 and that below log {I + Al) - -2 1 intensity 
discnmmation is practically non-existent 
A method adopted by many worhers m photometric practice is to 
plot AT / {I -j- Al) agamst log (/ -f AI) In the human eye where the 
difference between I and (/ -f Al) is very small, it makes little 
difference which of the two methods is used But m the fly the differ- 
ence is tremendous Fig 6 shows the data of Table I in this form, and 
mdicates that this function is much more expressive of the real way in 
which the data behave From Fig 6 it is clear that below a value of 



-/ o 


Fig 6 The average data of intensity discrimination plotted as A//(/ + AT) 
against log (/ -h AI) The iunction begins at about —2 1 and continues to im- 
prove steadily, showing no decline 

log (I -f- Al) — —2 1 for an mtensity to be discriminated by the fly 
as lower than the prevailmg mtensity, it practically has to be extin- 
guished, — ^which IS the fact 

Whichever of the three ways one records the measurements, the fact 
remams that mtensity discrimination for Drosophila changes first very 
rapidly and then more slowly over a small range of intensities above 
the threshold, and then reaches a constant value which is maintained 
as the intensity contmues to mcrease A snmlar condition holds for 
the bee’s mtensity discrimmation as recently measured by Wolf (1933) 
The measurements of Koenig and Brodhun (1889) supported more 
recently by Lowry (1931), and by Houstoim and Shearer (1930), for 
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the human eye show no constant value for the higher intensities, 
mstead the mtensity discnmmation mcreases, and then decreases as 
the mtensity nses The same is apparently true for the clam (Hecht, 
1924) The older data of Aubert on the human eye do not show this 
fall, and unpubhshed measurements by Mr Jacmto Steinhardt of our 
Laboratory mdicate that this fall at high mtensities disappears under 
proper conditions of measurement 



Lo^ar/t/im Intensify — flllliramberts 


Fic 7 The relation between intensit> and the angular distance occupied b> the 
stripes to which the fly can just respond Each measurement with 32 flies is 
recorded. 


2 Visual Acuity — ^We measured the relation of visual acuity to 
illumination m twenty four flics in November, 1929, and in eight more 
flies between March and August of 1931 Each measurement for each 
fly IS given m Fig 7 The ordmates are the actual \asual angle sub 
tended by the just visible stnpe The averages of the 220 measure 
ments are recorded m Table It, and the curve in Fig 7 passes through 
these average values It is apparent that the measurements for the 
various animals form a consistent descnption of the phenomenon 
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Graplucally the data are best represented as visual acuity against the 
loganthm of the illumination, foUowmg the usual practice of defining 
visual acmty as the reciprocal of the just resolvable visual angle 
measured in minutes of arc Fig 8 shows the averaged data of Table 
n plotted m this way There are several points to be made with re- 
gard to the data Of these the most obvious is that visual acuity in- 
creases with the logarithm of the illummation m a sigmoid manner, 
already familiar from the data on the human eye, and on the bee eye 
At the lowest mtensities the visual acuity of Drosophila does not de- 
crease contmuously with the decrease m mtensity, but mstead stops 

TABLE n 


Visual Acuity of Drosophila 


No of readings 

Intensity 

Visual angle 

Visual acuity X 10* 


mittilambcris 

decrees 


6 

0 00794 

61 08 

2 73 

20 

0 00800 

42 90 

3 89 

30 

0 00966 

35 33 

4 72 

10 

0 0142 

28 54 

5 84 

32 

0 0234 

23 30 

7 15 

24 

0 0343 

18 24 

9 14 

10 

0 0511 

16 58 

10 05 

20 

0 0627 

14 45 

11 53 

10 

0 0908 

13 19 

12 64 

25 

0 141 

11 69 

14 27 

20 

0 378 

10 73 

15 53 

13 

14 6 

9 28 

17 95 


quite sharply at an mtensity corresponding to a brightness of 0 008 
millilamberts No matter how large the stripes are, the anmials do 
not respond to them until this mtensity is reached This is made 
evident in Fig 8 by the vertical Ime at this mtensity, and was appar- 
ent m every animal which we tested for this purpose This is related 
to the fact, obvious from Fig 3 and Fig 6, that at this intensity for 
another mtensity to be recognized as perceptibly lower it must be 
practically extmguished 

The mavunum visual acuity achieved by Drosophila is 0 0018, a 
value about 1/1000 that of the human eye, and 1/10 that of the bee’s 
eye This mammal value had to be obtamed by a modification of the 
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usual method as already descnbcd The response of a fly to stnpes 
depends on the size of the stnpes, the distance of the fly from the 
stnpes, and the intensity of the light The usual method fixes the 
distance of the fly, presents it with a senes of plates having each a fixed 
size of stripe, and measures the mtensity required for the fly to respond 
to each stnpe To determme themaximum visual acuity m thismanner 



-a -2 -/ o / 

Logarithm of Intensity-- /It/Mamberts 

Fig 8 The averaged data of Fig 7 plotted as visual acuit> against the loganthm 
of the mtensitj The function starts abruptly at —2 1, below which the flies do 
not respond to stnpes no matter how large thc> are 

requires the size of the stnpe to be continuously vanable — a difficult 
thing to achieve in practice We therefore adopted tlie procedure of 
choosmg a stnpe of approximately the correct size, fixmg a high m 
tensity, and meisurmg the distance at which the 11} must be in order 
just to respond to the movement of the stnpes 
The procedure of vaiyrng the distance of the fly from the test object 
ma} influence visual acuit} by changing tliehnghtness, and ma} com 
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plicate matters in the same way as the curious but unexplained effect 
of distance on human visual acuity first found by Aubert and Foerster 
(Aubert, 1865) and recently emphasized by Freeman (1932) Neither 
of these can be very serious for our measurements because the dis- 
tances mvolved are 2 or 3 mm Nevertheless we made special 
measurements to determine whether any such effects are present, 
varymg the distance about 20 mm Takmg two plates with stnpes 
6 3 mm and 1 27 mm wide, we placed them 25 8 mm and 5 21 mm 
from the fly respectively These both correspond to a visual acuity 
of 0 0012 Then we measured the threshold mtensities of sixteen flies 
to a movement of these stripes, and secured as averages 4 36 and 4 07 
respectively for the two plates Similarly two plates havmg stripes 
6 3 mm and 2 84 mm wide and at 21 5 mm and 9 69 mm from the 
fly (visual acuity — 0 0010) gave average mtensity thresholds for the 
same sixteen flies as 1 66 and 1 86 respectively for the two plates 
The differences between the two plates m each case are obviously 
negligible, and are opposite m duection m the two cases The units 
of intensity here given do not correspond with the others previously 
given because we used a violet monochromatic filter m these measure- 
ments, accordmg to Koenig (1897) the distance effect m the human eye 
is most promment m the blue and violet, and we wished to make the 
test extreme Therefore the detennmation of the maximum visual 
acuity by the distance method mtroduces no new variables, and the 
value 0 00180 for this maximum for Drosophila is the real value 

The maximum visual acuity of the human eye and the bee’s eye is 
assoaated with the size of the structural units of the receivmg elements 
(jMulIer, 1826, Ramon y Cajal, 1894, Exner, 1891, Best, 1911) In 
man the maximum value approximates the distance between foveal 
cones, though under special conditions it seems possible to mcrease the 
maximum performance (Hartridge, 1922, Anderson and Weymouth, 
1923) In the bee the mmimum perceptible visual angle (0 9°-l 0 ) 
as determmed physiologically (Hecht and Wolf) corresponds with the 
smallest angles (also 0 9°-l 0°) subtended by the ommatidia m the 
central portion of the eye as measured anatonucally (Baumgartner, 
1928) 

The ommatidial angles m the eye of Drosophila have not been 
adequately measured (Johannsen, 1924) We therefore prepared for 
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this purpose many sections of eyes usmg essentially Baumgartner’s 
technique This consists of rapidly fixing the heads in hot water, 
carefully running them through the alcohols, staming with eosm, 
imbedding m celloidin, preparmg sections 20/r thick with a sliding 
microtome, dearmg the sections with cedar oil, and mounting them in 
Canada balsam We made photomicrographs of some of our best 
preparations, and on the mounted pictures we measured the angles 
between adjacent ommatidia A thread stretched between two 
needles was passed through the axis of each ommatidium The needle 



O /O 20 30 

OmmaMtum //omber 


Fig 9 The distribution of ommaUdial angles in the left (open ardes) and right 
(solid ardes) eyes of Drosophila (Animal Iiii) The angles were measured for 
groups of three ommatidia and the average oramaudiai angle for each group is 
assigned to the middle ommatidium of the group 

pricks were connected with a Ime and the angle between adjacent axis- 
Imes measured 

The results are fairly irregular but, as Fig 9 shows, quite adequate 
for the purpose The largest section of the eye contams 31 ommatidia 
The middle 16-18 of these show a constant angular separation of 
about 4 2° At both ends the angular separation nses sharply to 
about 8°, measurements at the ends arc uncertam due to the pro 
nounced curvature of the ommatidia in these regions The central 
region of the eye with its ommatidial separation of 4 2° is thus the 
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place of sharpest vision, much as m the bee’s eye The average 
maximmn visual acuity which we found experimentally for Drosopkla 
corresponds to an angle of 9 28°, which therefore mcludes about two 
ommatidia mstead of one 

This difference between the physiologically achieved and ana- 
tomically expected resolvmg power may mean that the neural paths 
of the ommatidia are mterconnected, and that they therefore cannot 
act as mdmduals but as connected groups However, we are mclmed 
to ascnbe it to another cause, namely the small number of ommatidia 
present m the eye as a whole To distmguish a pattern, a certain 
minimal number of elements must be stimulated This number is 
apparently a small fraction of the total population of retmal elements 
m the eye of man or of the bee In the fly where the total number of 
elements is much smaller than m the human eye or m the bee eye, it 
probably represents a considerable proportion of the retmal popula- 
tion, and the group of units called into play to register a smgle stripe 
thus transcends the boundaries of a smgle Ime of elements This idea 
IS supported to a certam extent by the observation that homozygous 
bar-eye females, the eyes of which contam only 4-S elements m 
the widest horizontal section, do not respond to the motion of the 
stripes at all 

Perhaps the best support for this idea comes from the experiments 
with the bee’s eye m which parts of the eye were pamted out In the 
bee’s eye it was found (Hecht and Wolf) that the maximum visual 
acuity coincided very well with the mmimum angular separation be- 
tween ommatidia, which shows that the mdividual elements act inde- 
pendently Yet in an experiment m which the anterior half of each 
eye was painted out, the visual acuity at all intensities dropped to 
about 0 6 of Its normal value, even at the maximum Smce the un- 
pamted residue of the eye still contamed elements having the onginal 
rmniTrium angular separation, the drop in maximum visual acuity must 
be due to the decrease m the total number of elements acting m 
the eye 

V 

Comparisons 

A companson between the two visual functions studied in Drosophila 
bnngs out the significant fact that the two functions begin and end at 
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about the same intensities As Fig 8 shows, visual acuity begms to 
mcrease at an mtensity whose logarithm is —2 and accomplishes most 
of its change in about 2 log units, the maximum visual acuity is not 
reached for about 1 log unit more, but this final change is very slow 
and not very large Essentially the same thmg is true of intensity 
discnmmation Fig 3 and Fig 6 show quite clearly that this function, 
after begmnmg at an intensity whose loganthm is —2, accomplishes 
most of Its change m about 2 log units Its maximum capacity is 
reached in about 1 log unit more, and this final change is slow and not 
very large 

The recently published measurements of the intensitj discnmmation 
of the bee by Wolf show that a similar relation exists betv een xnsual 
acuitj and mtensity discrimination for the bee Visual acmt} in the 
bee (Hecht and Wolf) begms to mcrease perceptibly with intensity 
at an mtensity correspondmg to log / = — 1 0, and accomplishes nearly 
all of its range at log/ = 1 0, though the small increase to the maximum 
visual acuity contmues till after log/ = 20 Thesamerangc is covered 
by mtensity discnmmation Accordmg to Wolf’s data. A/// begms to 
vary effectively at about log / = -IS and accomplishes most of its 
range at about log / = 1 0, its lowest value is reached after about one 
more log unit 

It would be well if a similar companson of the two functions could 
be made for the human eye, but the existmg measurements were 
made under such different conditions that it is not possible to do so 
with any certamty Koenig’s visual acuity data (Koenig, 1897) cover 
about the same range as his mtensity discrimination data (Koemg and 
Brodhun, 1889), that is, between 8 and 9 log units, but the precise 
way m which the two functions vary has been called mto doubt by 
Lythgoe’s measurements of visual acuity (Lyfhso®! 1932), and by 
unpublished measurements of mtensity discrumnation by Mr Jacmto 
Stemhardt m our own Laboratory For the present, therefore, it is 


well to omit discussion of them 

A companson of the maximum values for mtensity discnmination 
and visual acuity m the three speaes is of 

value of M/I for Drosophila is 1 5 , for the bee it is 0 2o olf) , and for 
man the minimum recorded is 0 006 (Helmholtz, 1866, Aubert, 1865) 
Tahmg the reaprocal of the mmunum A/// as a measure of maxunum 
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intensity discrmiination, and putting Drosophila at 1, the ratios 
Drosop]nla/h&&/rQS.xi are 1/60/249 for maximum intensity discrmuna- 
tion, and 1/9 4/1110 for maximum visual acmty A rough parallelism 
IS apparent in these functions Possibly some other, more theo- 
retically defensible measure of maximum intensity discrimmation 
might show a better parallelism to maximum visual acmty 

VI 

* Interpretation of Data 

1 Visual Acuity — Drosophila is the fourth organism whose visual 
acuity has been found to vary with illummation, — ^the other three being 
man (Koenig), the bee (Hecht and Wolf), and the fiddler crab (Clark, 
1932) In each case the visual acuity is low at low intensities and 
mcreases with log / m a characteristically sigmoid manner The only 
quantitative mterpretation at present available for this property of 
visual acuity (Hecht, 1926, 1928) depends on the recognition of vis- 
ual acuity as a measure of the resolvmg power of the retinal surface 
The resolvmg power of a surface composed of mdependently function- 
mg elements depends on the number of elements per unit area, or more 
specifically on the distance between the centers of the sensitive ele- 
ments To account for the required variation m number of elements 
at different mtensities, it is assumed that the thresholds of the retinal 
elements vary m the retmal population much as any other character- 
istic of biological population Curves have been drawn to show the 
threshold distribution required to account quantitatively for the data 
of the human eye (Hecht, 1928), and for so differently constructed an 
organ as the bee’s eye (Hecht and Wolf, 1929) The present data 
with Drosophila (Fig 8) show the same type of sigmoid relationship, 
and there is no reason to suppose that the same explanation is not 
available for Drosophila 

Fig 10 shows the differential c /A log / It is made from the 
smooth curve m Fig 8 by findmg the difference m visual acmty (Au a ) 
for pomts 0 2 log units apart (A log I) and plotting this difference 
against the value of log I imdway between them The resulting curve 
has the appearance of an ordmary, symmetrical, biological distnbution 
A quantitative explanation of the visual acuity data of Drosophila 
then depends on the assumption that the visual acuity is mversely 
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proportional to the angular distance between functional ommatidia, 
and that the thresholds of the ommatidia along the horiaontal aios of 
the eye are distributed accordmg to the curve in Fig 10 

Cnticism of the ideas on which such an explanation is based has 
been made by Freeman fl930), by Best (1930), by Wilcox (1932), and 
by Wilcox and Purdy (1933) Freeman argues that smce visual acuity 
may be varied by factors other than intensity, its vanation with 
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Fig 10 Diflerential ot the visual acuity curve ol Fig 8 The differences in 
visual acuity (Ac o ) between pomts 0 2 log uniU apart (A tog 1) in Fig Sareplottcd 
against the value of the loganthm of the intensity midway between them 

intensity cannot depend only on the number of elements functional 
\Wlcox and Purdy’s cnticism is an elaborate form of this standpoint 
They state that our ideas are “inconsistent with the fact that acuity 
may vary within wide lumts even though illummation remains con 
stant ’’ Moreover, the ideas fail “to take into account the concrete 
perceptual situation involved m the recognition of detail,’’— which 
apparently means that we have offered no mechanism to explain how ^ 
visual resolution takes place at all 
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It IS hard to see the force of these arguments, since the idea of how 
visual acuity varies with mtensity is quite independent of the particu- 
lar mechanism which controls the magnitude of visual acuity at a 
given mtensity No matter what that mechanism may be, nor how 
complex or simple it may be, it must rest on the fact that the ultimate 
resolvmg surface is composed of units which are independent func- 
tionally The variation of visual acmty with mtensity then follows 
very obviously in terms of the probable distribution of thresholds 
Best (1030) is worried because the necessary range of distribution of 
thresholds is large However, even when the apparent range, as m 
the human eye, appears quite large, about 90 per cent of the variation 
occurs m less than 2 log units (Hecht, 1930) In the case of the bee 
and Drosophila this range is even smaller But even if the range were 
very large indeed, the difficulty disappears when it is recalled that 
different portions of the human retma actually do possess thresholds 
which differ by just such large magnitudes 
Differmg from these criticisms are those of Wilcox, who found that 
under certam conditions visual acuity does not rise steadily with log I 
as measured by Koenig and everyone smce, but actually becomes 
worse at high illummations He then concludes that the increase in 
number of functional elements which presumably takes place at these 
high mtensities cannot account for the decrease m visual acuity, and 
therefore the whole conception is not valid 
Wilcox used a novel procedure in his measurements Two tiny, 
illuminated vertical bars each subtendmg 2 4 by 20 minutes of visual 
angle are viewed against an absolutely black background, and the 
distance is determmed by which the bars must be separated for them 
to be recognized as two bars It would seem almost too elementary, 
but apparently quite necessary, to pomt out that the term retmal 
illumination refers to the general level of illummation of the retma as 
a whole, or of a goodly portion of it In Wilcox’s measurements the 
retma as a whole is completely dark, and only the very tiny test 
objects are illummated What Wilcox measured is a glare phenom- 
enon, and may require a new name, but it is not the relation of visual 
acuity to the illumination prevailmg on the retma That this cnti- 
cism of his method is valid becomes clear when the reverse of this pro- 
cedure IS used, that is, when the test bars are black and are viewed 



SELIG HECHT AND GEORGE WALD 


541 


against an evenly illuminated background The results which Wilcox 
secured m this manner are m agreement with the classic data of Koenig 
and others, and are obviously open to the same explanation 

Wilcox himself proposes an explanation of his particular findings 
and in general of the relation between visual acuity and illuimnation, 
which depends on two sets of measurements made with the method 
already described One set records the distance by which the two 
bars must be separated so that between them there appears a space 
which is ]ust perceptible to the eye The other set records the dis 
tance by which the bars must be separated so that the space between 
them appears of the same size as one bar The first set Wilcox calls 
measurements of visual acuity, the second set, measurements of 
irradiation It then appears that at different mtensities the first set 
of measurements equals the second set of measurements multiplied 
by a factor Wilcox then concludes that irradiation is the explanation 
of the visual acuity vanation The reverse would be equally true 

These critiasms therefore leave the ongmal explanation of the 
relation between visual acmty and illummation — as due to a population 
distribution of thresholds of the sensitive elements — as valid as when 
it was proposed This does not mean that it is the correct explana 
tiou, it IS merely the only explanation which descnbes the data 
quantitatively That is its mam virtue, plus the fact that its basis is 
not inherently improbable, and rests on concrete assumptions with 
regard to the structure of the visual mechanism 

The only other explanation worth mentiomng is the one given by 
Hoffman (Best, 1930) for the human eye It supposes that the diffu 
Sion circles produced by two pomts have to be separated differently at 
different intensities m order to produce a recognizably lower intensity 
between them This assumes that the cy e can discriminate mtensi 
ties absolutely — ^which we know it does only relatively Even so, 
this explanation has never been put mto quantitative form and there 
fore cannot be tested 

It IS worth noting that the visual acuity data of Drosophila as given 
in Table H and Fig 8 may be described wath excellent preasion by 
the stationary state equation hi ■= x/{a — x) representing a rever- 
sible photochemical system in which the light and the dark reactions 
arc both monomolecular The numerical equation is 22/ = (x — 2)/ 
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(18 — x) where x equals the visual acuity multiplied by 10,000 
The shape of the stationary state curve is specific with regard to the 
power to which a, is raised m the numerator (Hecht, 1928) The 
human visual acuity curve (Koenig) conforms to a second power 
equation The visual acuity of Drosophila is descnbed by a first 
power equation The visual acmty curve of the bee (Hecht and Wolf) 
may be descnbed with a fair degree of approximation by a first order 
equation of the form KP = a;/(a — re) m which the mtensity enters as the 
square The numencal form is 0 95 == (a: — 3) / (160 — x) where x is 

the visual acuity multiphed by 1,000 The values are direct and are 
not corrected for varymg ommatidial angle — a correction which is 
useful at the very low visual acmties only 
2 Intensity Discrimination — ^Intensity discrimination has been 
described theoretically (Putter, 1918, Hecht, 1924, 1926) on the 
assumption that m the action of light on the photosensory system, 
mtensities which are just recognized as different produce effects which 
differ by a constant mcrement These mcrements may be recorded 
as changes m the frequency of discharge of the mdividual sensory 
elements, or as changes m the number of elements functional, or as 
both The work on visual acmty and illummation (Hecht, 1928) 
favors the number idea but does not exclude frequency The work on 
smgle end-organs (Adnan and Zotterman, 1926, Hartlme and Graham, 
1932) favors frequency but does not exclude number 
The quantitatively developed idea (Hecht, 1926, 1928) that the 
influence of mtensity on visual acuity and on mtensity discrimmation 
may be described m terms of the number of elements functional has 
been adopted by Houstoun (Houstoun and Shearer, 1930, Houstoun, 
1932) without recognizmg the theoretical difficulties mvolved The 
ongmal supposition was that whereas visual acuity mcreases with the 
total number of active elements, each step in mtensity perception 
corresponds only to the differential mcrement m the number of active 
elements If the relations between visual acuity and mtensity dis- 
cnmmation were as sunple as this, the mtensity at which visual acuity 
alters most rapidl> with log I should represent the most rapid rate of 
entrance of functional elements, and should therefore correspond to 
the place where mtensity discrimination is best Moreover, at high 
intensities when visual acmty practically ceases to increase because 
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nearly all the elements are already functional and very few new ones 
enter, mtensity discrunination should be poorest — m fact almost non 
existent 

Yet neither of these thmgs is true for Drosophila and for the bee, 
and probably also for the human eye Fig 8 and Fig 10 show that 
the maximum rate of mcrease in visual acuity occurs at an mtensity 
whose loganthm is very near — 1 5, whereas Figs 3 and 6 show that at 
this pomt mtensity discnmmation is by no means maximal More- 
over at the highest mtensities, when visual acmty has reached its top 
value, mtensity discrmunation instead of bemg at its worst is actually 
at Its best Exactly the same is true for the bee, where the maximum 
rate of mcrease in visual acuity comes very nearly at log / = 0 (Hccht 
and Wolf) at a point where mtensity discrimination is certamly not at 
Its best (Wolf, 1933) Moreover when visual acuity has reached its 
maximum at log 7 = 2 0, and mtensity discrimination should be 
worst, it IS nevertheless also at its best m the bee and shows no sign of 
fallmg off at the highest mtensities 

These failures m the correspondence of the two functions arc very 
important, and cannot be due to any chance shift m the intensities for 
the two functions We are certain that for Drosophila the intensities 
for visual acmty and mtensity discnmmation arc exactly comparable, 
because both functions for many of the animals were measured mthm 
a very short time of each other with the same piece of apparatus 
Similarly for the bee, the two functions were measured with practically 
identical apparatus using the identical stnped plates, and the measure 
ments were made by the same person (Wolf) But even if the inten 
sities were not exactly comparable, the fact that at the highest intensi 
ties both functions are maximal is adequate evidence against the 
interpretation 

Thus m Drosophila and m the bee, mtensity discnmmation docs not 
depend on the rate at which elements become functional, but appar- 
ently rather on the total number of elements functional, as m visual 
acuity It IS possible that though both arc functions of the total 
number of elements active in a given unit of sensory surface, the 
specific relation is different for each For visual acuity the situation 
IS sunplc, but for intensity discrimination it means a rcwsion of ideas 
held up to now One possibility is that mtensity discrimination is 
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Similar and constant for all the sensory elements, but that the thres- 
holds have a probability distribution Then increasing the total 
number of elements decreases the sensory contribution each has to 
make to produce a constant mcrement m total sensory effect, and 
therefore the fraction LI /I becomes smaller as the total number of 
elements increases Other possibilities are also available, but a dis- 
cussion of them IS unfruitful at the present stage of our knowledge 

SUMMARY 

Drosophila possesses an inherited reflex response to a movmg visual 
pattern which can be used to measure its capacity for intensity dis- 
crunination and its visual acuity at different illummations It is found 
that these two properties of vision run approximately parallel courses 
as functions of the prevailing intensity 

Visual acuity vanes with the logarithm of the intensity in much the 
same sigmoid way as in man, the bee, and the fiddler crab The 
resolving power is very poor at low illummations and increases at high 
illuminations The maximum visual acuity is 0 0018, which is 1/1000 
of the maximum of the human eye and 1 /lO that of the bee 

The mtensity discrimination of Drosophila is also extremely poor, 
even at its best At low illuminations for two intensities to be recog- 
nized as different, the higher must be nearly 100 times the lower 
Tins ratio decreases as the mtensity increases, and reaches a minimum 
of 2 5 which is maintained at the highest intensities The minimum 
value of A/// for Drosophila is 1 5, which is to be compared with 0 25 
for the bee and 0 006 for man 

An explanation of the variation of visual acuity with illumination is 
given in terms of the variation m number of elements functional in the 
retmal mosaic at different intensities, this being dependent on the 
general statistical distribution of thresholds in the ommatidial popula- 
tion Visual acuity is thus determined by the integral form of this 
distribution and corresponds to the total number of elements func- 
tional The idea that intensity discrimination is determined by the 
differential form of this distribution — that is, that it depends on the 
rate of entrance of functional elements ivith intensity — is shown to 
be untenable m the light of the correspondence of the two visual func- 
tions It is suggested that, like visual acuity, intensity discnmina- 
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tion may also have to be considered as a function of the total number 
of elements active at a given mtensity 
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introduction 

Chemists need mfonnation about the behavior of electrolytes in non 
aqueous solutions Biologists likewise need this mformation since 
there is considerable evidence that the protoplasmic surface consists 
of such substances and they have been employed m models designed 
to mutate the action of the living cell 

A quantitative relationship between the equivalent electrical con 
duct ance and the concentration of dilute electrolytic solutions m nhich 
the solute is considered to be entirely m the form of free ions has been 
derived theoretically by Onsager,' following the work of Debj e and 
HUckel * In this treatment the decrease m equivalent conductance 
ivith mcreasing concentration is attributed to a decrease in the ionic 
mobilities ansmg from the influence of mteriomc electrostatic forces 
For strong electrolytes m water, calculations based on Onsager’s 
equations arc in good agreement with measurements on dilute solu- 
tions ’ ’ 

Hon ever sraular calculations, based on the assumption of complete 
ionization do not adequatclj represent the facts for electrolj’tcs in 
most non aqueous soh ents which in general ha\e dielectric constants 
appreciably low er than that of water In such solvents all clcctrolj tes 
appear to be “weak,” and measurements on these solutions seem to 
mdicate that a considerable portion of the solute is not in the form of 
“free' ions 

' Onsager L , Phys Z , 1927, 28, 277 

•Debit 1’ andHiickel E,i>/irj Z 1923,24,305 

* Shedloi'ski T,/ Am Chem See. 1932, 64, 1411, Maclnncs, D A , Shed 
lovsk} T and Longsn orth L. G jCAem 2?er, 1933, 13, 29 
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It Will be shown m this paper that the electrical conductivity of 
solutions of sodium and potassium guaiacolates m guaiacol can he 
accounted for satisfactorily by assuming an lomc equilibrium in addi- 
tion to the mteriomc attraction effects on the mobilities of the ions 

Mass action constants for sodium guaiacolate and potassium guaia- 
colate can thus be calculated from conductivity measurements It 
is desirable, however, to obtain these constants if possible from another 
type of measurement Such an mdependent method is available m 
the detenmnation of the partition coefficients of the electrolyte be- 
tween guaiacol and water,^ the two liquids formmg non-rmscible 
phases Smce, however, the nature of distribution experiments is 
such as to render the two non-miscible liquids saturated with each 
other, a fair comparison between the two methods for determming the 
ionization constants can be made only if the conductivity measure- 
ments also refer to solutions m guaiacol saturated with water Con- 
sequently, the conductivity measurements reported m this paper, 
from which the ionization constants are computed, were made on 
solutions contammg guaiacol from the same soiuce and with prac- 
tically the same water content as m the case of the subsequent distri- 
bution experiments 

In computmg the results from the conductivity data it is necessary to 
know the dielectnc constant, viscosity, and density of the “wet” 
guaiacol solvent These values were measured and are reported in 
this paper, since they are not available in the literature For com- 
pleteness the correspondmg values for dry guaiacol are also given 
The same computations which give the ionization constants of the 
alkali guaiacolates in wet guaiacol from conductivity detenmnations, 
also give the limiting equivalent conductance values (Ao), correspond- 
ing to the sum of the positive and negative ion mobilities at zero con- 
centration These (Ao) values have been combined with correspond- 
ing transference numbers, yielding values for the liimtmg mobilities 
of potassium, sodium, and guaiacolate ions in wet guaiacol 

THEORETICAL 

In discussmg weak electrolytic solutions we shall assume that only 
a portion of the solute is m the form of free ions able to carry current, 

^ The distnbutjon of sodium and potassium guaiacolate between water and 
guaiacol IS the subject of the following paper 
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while the rest can be considered “undissociated,” and that a corre 
sponding ionic equilibrium exists m accordance with a mass action 
equation However, it is not necessary to assume that the undisso 
aated solute consists ol stable molecules bound by chemical or quan 
tized forces We prefer to consider them to be ion pairs as suggested 
by Bjemim ‘ 

The electrostatic force between a pair of ions of opposite charge 
which have approached to “contact” tends to hold them together as 
a stable pair The mutual potential energy of this ion pair, m accord 
ance with Coulomb’s law, depends on the charges, the dielectnc con- 
stant of the medium, and the distance between the charge centers (the 
sum of the ionic radu, if we consider the ions to be sphencal) Now, 
if the average kmetic energy of the solvent molecules is greater than 
this potential energy, the ion pair cannot exist for any appreciable 
tune This is the case for strong uni umvalent electrolytes m water 
However, if the average kmetic energy of the solvent molecules is less 
than the mutual potential energy of the ion pair, it will exist until it 
is struck by a solvent molecule havmg suffiaent kmetic energy to 
break it up 

This viewpomt predicts that there should be relatively more ion 
pairs (undissoaated solute) vhen the dielectnc constant is low, vhen 
the ions are small, when the charges are large, and when the tempera 
ture IS low Calculations of ionization constants as a function of ion 
size, dielectnc constant, etc , based on this view were made by Bjer 
rum' for electrolytes m solvents of relatively high dielectric constant, 
and more recently by Fuoss and Kiauss' for tetraisoam>lammonium 
nitrate m dioxane water mixtures, and for silver nitrate in benzonitnle, 
acetonitrile, and ammonia 

Our problem is to mterpret the clectncal conductivity of weak 
electrolytic solutions, namely, of sodium guaiacolate and potassium 
guaiacolate m guaiacol The mass action equation for the ionic 
equilibnum we have assumed is 

(Air ) (Ac ) jCty)' 

Wn-c-) " C(I - 6) 


‘ Bjerrum N , K Danske \ tdenst Setsk 1926 7, No 9 
• Fuoss R, M , and Kiaus C A., J Am Ckcm Soc 1933 65, 1019 
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m which is the activity of the positive (metal) ions, Ag- is the 
activity of the negative (guaiacolate) ions, and Aii*c- is the activity 
of the imdissociated ions, or paired ions C is the concentration, d 
the “degree of dissociation,” and 7 the mean ionic activity coefficient 
We assume that the imdissociated portion behaves as a normal solute, 
and consequently has an activity equal to its concentration 
The mean ionic activity coefficient will be computed from the 
Debye-Huckel equation 

“i + sVc5 ® 

m which 


and 


0 4343 c» 
{DkXyi^ 



J == 



SirNc^r^ 
1000 DkT 


> 


e ~ electronic charge, N = Avogadro’s number, k = Boltzmann’s con- 
stant, D = dielectric constant, T = absolute temperature, r = dis- 
tance of closest approach between ions For water-saturated guaiacol 
at 25°C a = 6 52, and for sodium and potassium guaiacolates m this 
solvent Ave have used an approximate value of 7 A for r (estimated 
from crystal structure data), which gives a value of 6 = 5 36 Actu- 
ally, of course, r is not the same for the two salts, but nearly enough so 
for the present purpose, since the term hy/^ enters as a correction 
We shall assume that the Onsager equation adequately represents the 
relationship between the equivalent conductance and the concentra- 
tion for the dissociated (free) ions For a completely dissociated 
electrolyte this is = Ao — A-\/c„ m which A« is the equivalent 
conductance, Ao the limitmg value of equivalent conductance at zero 
concentration, C, is the ionic concentration, 


8 18 X 10-5 82 

^ = 0 = Ao -i- ^ Ao + 

17 being the viscosity, and D and T having the same meaning as above 
For water-saturated guaiacol A = 2 93 Ao + 19 36 The equivalent 
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conductance. A, is defined as A — L being the spcafic con- 
ductance, thus A, « 

Ci 

Since Ci ~ CSf the Onsager equation gives us 


A/fl *• A® — (a A# -f- Co 
or 


A® — (a Afl + y/Co 

Fuoss and Kraus’ have discussed the mathematical treatment of these 
equations and have indicated a convenient method of solution It 
consists of assurmng a provisional value of Ao and then computing 
values of fl for the stnes of measurements, from equation (3) which is 
conveniently solved by successive approximations Corresponding 
values of 7 are then obtained from equation ( 2 ) , and values of vVC are 

plotted against — Smce equation (1) can be easily transformed 
d 

to ^ vVc, such a plot should give a straight line passing 

through the ongin, with a slope of VX, if the correct value of Ao has 
been chosen Successive values of A® are assumed until this is found 
to be the case 

With the values of Ao and of K thus determined from a senes of 
conductance measurements, a theoretical conductance curve corre 
spending to these constants can be computed by reversing the calcula 
tions described above A direct graphical comparison between the 
measured and computed conductance values is thus afforded 


EXTERIMENTAL 

J G»aiocoI — Synthetic guaiacol (Kahlbaum s c r crj'staUmc guaiacol) n-as 
rcdisUUed under reduced pressure in a stow stream of nitrogen, using an all ghsa 
(PjTCx) distilling apparatus with a fracuonaling column The distillate was pro- 
tected from atraosphenc moisture Colorless fractions, having melting points 
from 28 0—28 3G®C , were collected * 


’Fuoss R M and Kraus C A / Am Cftcm 5ac , 1933, 65,476 
® The freezing point of guaiacol is quite sensiUv c to traces of impurities because 
o! its high cr> oscopic constant We determined the molal freezing paint lowering 
(aT’/mole of solute m 1 liter of solution) with water toluene, and carbon tetra 
chlondc ThcN*alucswerc5 4 61 and 6 4 rcspccUvclj 
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Although the melting pomt of guaiacol is several degrees above the temperature 
at v-hich our conductivity measurements were made, namely 25°C , no difficulties 
from crystallization were encountered due to the readmess with which this sub- 
stance supercools 

The solubihty of water m guaiacol was determined from density measurements 
on a senes of solutions containmg known quantities of water m the solvent guaia- 
col A plot of density agamst water content, extrapolated to the density of 
guaiacol saturated with water, was used for this purpose The density measure- 
ments were made with a Sprengel pyknometer Physical properties of dry and 
water-saturated guaiacol at 25°C are listed m Table I 


TABLE I 

Physical Properties of Dry and Water-Saturated Guaiacol at 25°C 



Anhydrous guaiacol 

Water saturated 
guaiacol 

Density 

1 1289 

1 1275 

Dielectnc constant* 

11 8 

14 3 

Relative viscosityf 

6 10 

7 23 

Speafic conductance 

1 X 10-8 

3-5 X 10-8 

Solubility of water in guaiacol = 4 60 gm water/lOOgm solution 



* We are indebted to Dr S 0 Morgan of the Bell Telephone Laboratones for 
the dielectnc constant measurements 

t The viscosities (relative to water at 25°C ) were measured in an Ostwald 
viscosimeter The relative viscosity values for vanous water contents in the 
guaiacol were 

Per cent water 0 0 9 2 3 4 6 (saturated) 

Relative viscosity 6 10 6 44 6 81 7 23 


2 Sodium and Potassium Guaiacolates — ^The alkali guaiacolates were prepared 
by the reaction of the ethylates with guaiacol in a medium of anhydrous ethyl 
alcohol, from vhich the salts were subsequently crystallized Freshly made alkah 
metal vare was introduced dmectly mto anhydrous alcohol through a sodium press 
After the metal had dissolved, an equivalent quantity of guaiacol was introduced 
The crjstallized salt was washed several times with anhydrous ether and then 
dned in an Abderhalden (vacuum) dner The punty of the product was checked 
b\ titrating weighed samples with standard hydrochloric acid, and computing 
the alkali metal content 

The solubilities of the salts in anhydrous and water-saturated guaiacol at 2S‘’C 
were determined also by titration with standard acid The results, expressed in 
moles of salt per thousand grams of solvent, were 

Anhydrous Water-Mturotfd 

guaiacol guaiacol 

Potassium guaiacolate 0 0071 0 0763 

Sodium guaiacolate 0 0063 0 154 
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3 CtmdueJivtly Measurments — ^The conductivity measurements were made in a 
‘ flask cell” of the type described by one of us ® having a cell constant of 0 0832 
An alternating current conductivity bridge and an oil thermostat at 25 000®C ^erc 
used A knoTm quantity of guaiacol (about 500 cc.) which had been almost 
but not quite, saturated with conductivity water^* was mtroduced into the cell and 
its conductance was measured Then successive weighed increments of a rela 
tivcly concentrated stock solution of knovm guamcolate content were added, and 
corresponding conductance deternunations were made Thus it was possible to 
measure the conductance of a whole senes of concentrations in the same solvent 
The solution m the cell was protected from atmosphenc unpunties at all tunes with 
purified nitrogen ® 

It was interesting to know the effect of the water content of the solvent guaiacol 
on the conductance This was determined by making a senes of measurements, 
startmg with a solution of guaiacolate m anhydrous guaiacol and successively 
mcreasing the water content 


RESULTS 

The results of the conductivity measurements on solutions of 
sodium guaiacolate and potassium guaiacolate m wet guaiacol are 
summanzed m Tables H and III respectively The listed values of 
equivalent conductance have not had a solvent correction applied to 
them We have assumed that the conductance of the solvent is due to 
ions ansing from guaiacol, and this dissoaation is practically repressed 
by the very much greater number of guaiacolate ions supplied by the 
salts 

The fact that the molal freezmg point lowering of guaiacol with 
water was found to be no greater than with toluene or carbon tctra- 
chlonde, is definite evidence against the possibility of ions ansing from 
the water m the solvent For these reasons, and because the solutions 
were protected agamst foreign impuntics throughout the course of 
the measurements, wc believe that the solvent corrections should be 
neglected 

The effect of water content on the conductivity of sodium guaia 
colate m guaiacol (C = 0 0009 molal) is shown m Fig 1, m which the 

“Shedlovsky.T,/ Am Chem 5(7C, 1932,54, 1415 

*®Shedlovsky, T,/ Am Chem j'tjc , 1930, 62, 1793 
This was done to make sure that no water would separate out m the subsc 
quent additions of solute The dielectric constant and viscosity of the nearly 
saturated guaiacol can be safely assumed to be the same as that of the completely 
saturated soU ent for our purposes 



556 


ON GUAIACOL SOLUTIONS I 


ratio of the equivalent conductance (A) to the equivalent conductance 
in anhydrous guaiacol (X°) is plotted against the water content, ex- 
pressed as per cent of (water) saturation The curve rises from a 
value of 1 at zero water content to 34 5 at 100 per cent (water) satu- 
ration 


TABLE n 


Conditdance of Sodium GuaiacoJaie in Wei Guaiacol at 25°C 
Water content = 99 per cent saturated 
Specific conductivity = 518 X 10~® 


Concentration inole/litcr j 

Specific conductivity 

Concentration 

Observed 

Calculated 

0 

_ j 

7 50 

0 000206 

2 893 

2 835 

0 000771 ! 

1 707 

1 717 

0 00224 

1 097 

1 100 

0 00454 

0 809 

0 813 

0 00901 

0 601 

0 602 

0 01666 

0 460 

0 461 


TABLE m 


Conditdance of Potassium Guatacolaic in Wei Guaiacol at 25°C 
Water content = 98 per cent saturated 
Specific conductivity == 2 84 X 10“® 


Concentration molc/liter 

^ Specific conductivity ,, 

Concentration 

Observed 

Calculated 

0 



8 00 

0 000442 

2 461 

2 463 

0 000959 

1 808 

1 819 

0 002151 

1 300 

1 301 

0 003719 

1 037 

1 032 

0 005765 

0 862 

0 857 


The relatively great mcrease m conductance (over thirtyfold), 
cannot be satisfactonly explained on the basis of difference in the 
dielectric constants of anhydrous guaiacol (D == 118) and wet guaia- 
col (D - 14 3) It IS rather due to the fact that the water molecules 
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(whose mole fraction is about i m water saturated guaiacol) are 
definitely more polar than guaiacol molecules, and tend to orient them 
selves with some stabihty around the salt ions m the solution This 
polarization of water dipoles in the strong electric fields around the ions 
may be regarded as an hydration which has the effect of mcreasing the 
size of the ions 



Fic 1 Effect of water content on the conductance of sodium guaiacolate m 
guaiacol expressed as the ratio of the observed conductance (X) to the conductance 
m anhydrous guaiacol {X°) 


It has been pointed out m the theoretical portion of this paper that, 
other things bemg equal, an increase in the size of ions tends to in 
crease the “strength” of an electrolyte On this basis, w e miv attrib 
utc the conductance increase with increasing water content to a 
greater number of free ions, capable of carrying current as the average 
size of the ions is mcreased 

From the results shown m Tables II and HI values of the dissocia 
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tion constants and the Imiiting conductances of sodium and potassium 
guaiacolates were computed m the manner previously discussed, using 
the equations 



(1) 

1-0 

, 652 

(2) 

— logio 7 - > 

1 +536 VC0 

A 

(3) 

Aa - (2 93 Ao + 1936) Vco 


The results of the computations are tabulated m Tables IV and V 


TABLE IV 


Sodium Guaiacolate Ao = 7 5<? 


C 

(molc/liler) 

B 

(degree of dissociation) 

y 

(mean ionic activity 
coefEcient) 

A X los 

0 000206 

0 406 

0 877 

4 38 

0 000771 

0 2463 

0 825 

4 22 

0 00224 

0 1635 

0 771 

' 4 25 

0 00454 

0 1241 

0 727 

4 22 

0 00901 

0 0956 

0 683 

4 25 

0 01666 

, 0 0764 

0 638 

4 28 

Average 4 27 X 10”' 


TABLE V 


Potassium Giiatacolalc Ao ~ 8 00 


1 

c 

(molc/liter) j 

0 

(degree of dissociation) 

y 

(mean ionic activity 
coefficient) 

K X 105 

0 000442 

0 3288 

0 844 

5 07 

0 000959 

0 2462 


5 02 

0 002151 

0 1818 


5 07 

0 003719 

0 1484 

0 731 

5 13 

0 005765 

0 1258 

I 

0 701 

5 13 

Average 5 08 X 10”® 


In Fig 2 are shovn plots of 

Vl 


•\/ 1—0 /- _ 

— - — agamst 7 V C From equation 


(1) we obtam “ ~ tVc, so that if the correct values of 
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Ao have been chosen, these plots should be straight Imes, passing 
through the ongm, as is the case The slope of these lines is 1 / 



in v.ater saturated guaiacol 


TABLE VI 

Solvent Guaiacol Saturated vnth Water T ■» 25®C 




1 

h(C-) 

!.(+) 

Sodium guaiacolate 

7 50 

1 0 54 

3 45 

4 05 (ba*) 

Potassium guaiacolate 

8 00 

0 57 

3 44* 

4 S6 (k") 


* The viscosity of urct guaiacol being 7 2 tunes that of vrater, vre can estimate 
the magnitude of the limiting conductance of the guaiacolate ion to be about 25 
in ^\ater, assuming the \'alidit> of Stokes law that is lo(f7”) m i\*alcr — 72 
(3 45) “25 This IS an cntirel} reasonable value However, a similar corapula 
tion gives 29 for the sodium ion and 33 for the potassium ion, whereas these \alucs 
should be about 50 and 76 respecU\cI> The discrcpanc) is probabl> due to the 
fact that although Stokes law seems to bold for large ions, such as the guaiacolate 
ion (6 A,) It fails for the smaller ions. 
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We are indebted to Dr L G Longsworth of The Rockefeller Institute 


for supplying us with values for the transference numbers (T^) for 
A 



looked 


Fig 3 The conductance of sodium and potassium guaiacolates m water- 
saturated guaiacol 


sodium and potassium guaiacolates in w'et guaiacol, obtained by the 
moMng boundary method By combining them with our Iimitmg 
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conductance values (Ao) we are able to obtam the Imiiting conduct- 
ances (lo) of sodium, potassium, and guaiacolate ions In Table VI 
these quantities are listed 

Usmg the values Ao = 7 50, If = 4 27 X 10“* for sodium guaia 
colate, and Ao = 8 00, X = 5 08 X 10“' for potassium guaiacolate, 
calculated values for the equivalent conductance, A, of these salts at 
the concentrations measured were obtained These are shown in the 
last column of Tables II and HI, and agree reasonably well with the 
values actually observed 

We may therefore conclude that the conductivity of the alkali guai 
acolates m water saturated guaiacol can be satisfactonly accounted 
for on a basis of an lomc equilibrium, assummg that the “assoaated" 
portion of the salt behaves as an "ideal" solute, and correcting for the 
effects of mtenonic attractions on the mobilities and activities of the 
free ions present From this pomt of view these salts were found to 
be weak electrolytes, not unlike acetic acid m water 

SUMMARY 

1 Measurements on the densities, viscosities, dielectric constants, 
and specific conductances of pure anhydrous and Bater saturated 
guaiacol at 25°C are reported 

2 The solubility of water m guaiacol at 25°C , and its effect on the 
electrical conductivity of a sodium guaiacolate solution is given 

3 Electncal conductivity measurements arc reported on solutions 
of sodium and potassium guaiacolatcs m water saturated guaiacol at 
25°C 

4 The decrease of electncal conductivitj with incrcasmg concen 
tration for these salts is esplamed on the basis of an ionic equilibnum 
combmed with the mtenonic attraction theory of Debye and HUckel 

5 The limiting equivalent conductances of sodium and potassium 
guaiacolates m nater saturated guaiacol at 25°C , the corresponding 
limitmg lomc mobilities, and the dissoaation constants are computed 
fromjthe conductivity measurements The salts are found to be 
ueak electrolytes with dissociation constants of the order of 5 X 10-‘ 
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n The Disteibution or Sodium and Potassium Guaiacolates 

BETWEEN GUAIACOL AND WATER 

By THEODORE SHEDLOVSKY AMD HERBERT H UHUG 
(From the Laboratories of The Rockefeller Institute for lledtcal Research) 

(Accepted for publication, December 1, 1933) 

INTRODUCTION 

In a series of studies related to the kinetics of penetration m living 
cells Osterhout and his coworkers* have used artificial cell models, 
consistmg of a non aqueous phase (guaiacol or guaiacol with />-cresol), 
representing the protoplasmic surface, m contact with aqueous phases, 
representmg the cell sap and the external solution In this connection 
the distnbution of electrolytes between guaiacol and water, is par- 
ticularly mterestuig 

The electncal conductivities of sodium and potassium guaiacolatc 
solutions m guaiacol have been discussed m the previous paper • It 
was shown that these salts are weak electrolytes m such solutions, and 
that their ionization constants can be computed from the conductivity 
measurements by takmg mto account the effect of intenonic forces on 
the mobilities and activities of the ions 

This paper will deal with the partition of these salts between water 
and guaiacol, and will provide an independent means for computing 
these ionization constants Startmg from the assumptions that the 
salts are weak electrolytes m the guaiacol phase and strong electro 
lytes m the aqueous phase, and using the intenonic attraction theory 
of Debye and HUckel, it is shown that the vanation of the distnbution 
coeffiaents with concentration can be explamcd Turthermore, the 
ionization constants previously obtamed from conductivity measure 

* Osterhout, W I V , / Cm Physio ! , 1932-33, 16, 157, 529 Osterhout W 
I V , and Stanley , W M , J Cm Physid , 1931-32, 16, 667 Osterhout, W J V 
Kamerhng, S E, and Stanley W M J Gen PAyno/ , 1933-34 17,445,469 

»Shedlo\-sky,T,andUhhg,H H ,/ Cm Phyuio! ,1933-34,17, 549 
563 
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ments are found to be m satisfactory agreement with the distribution 
detennmations 

Also, it IS shown that the magnitude of the distribution coefficients 
can be predicted from theoretical considerations, using only the proper- 
ties of the solvent and the solute in the computations 


THEORETICAL 


In discussing the distribution of sodium or potassium guaiacolate 
between guaiacol and water, we shall assume that the salt is practically 
completely dissociated m the aqueous phase, m which, therefore, the 
ionic activity is (C171), — (Ci) bemg the total concentration of the 
salt m this phase, and (71) the corresponding activity coefficient 
In the non-aqueous phase, the salt is only partially dissociated m 
accordance with the ionic eqmlibrium ilf + + G~ = MG (M referring to 
the metal and G to guaiacolate), for which the mass action expres- 
sion is 

Wn [g-1 ^ jCOy)^ . . 

~ [MG] C(1 - e) 


In this equation, K is the ionization constant, the brackets refer to 
activities, C is the total concentration in the non-aqueous phase, 6 is 
the degree of ionization, and 7 is the mean ionic activity coefficient 
We have assumed that the undissociated portion of the electroljde 
behaves as an “ideal” solute, so that its activity is equal to its concen- 
tration At equilibrium, the ratio of the activities of any solute 
species distributed between two phases, at a fixed temperature and 
pressure, is a constant,® independent of the concentration Accord- 
ingly, for the dissociated portion of the solute 


C6y 
Cl 7i 


( 2 ) 


® In general this constant is not unitj This is because two standard states are 
in\ oK ed, one for each phase The actual “escaping tendency'” of a solute speaes 
in equilibrium between two phases must, however, be equal In other words, if 
the actmties in the two phases were referred to a single standard state (in the 
gaseous or crjstal state, for example), then the limiting partition coeffiaent would 
be umt\ It IS customan,, howexer, to define the actmt\ coefficient in such a 
manner as to render it equal to unitx at infinite dilution, since bj so doing the 
actixitx approaches the concentraUon as the solution becomes mfinitclj dilute 
This procedure inxohes the fixmg of a separate standard state for each solvent 
Also, It IS assumed that the properties of the soh ents remain essentially constant 
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in which the numerator on the right hand side of the equation is the 
ionic activity m the non aqueous phase, and the denominator is the 
correspondmg activity in the aqueous phase The value of (5o), the 
limiting partition coefficient, depends on the standard states for the 
two solvents 

We shall assume that the activity coefficients ( 7 ) and ( 71 ) arc given 
by the farmhar Dehye Hilckel equations 


and 


Iog,o 7 = 


a 7 /^ 

— 7 = for the non-aqueous plias 

1 + b VC0 


logitt 7i 


g> Vg 

1 


for the aqueous phase 


(■3) 

O') 


m which the coefficients in the numerators are equal to 

0 4343 ^ / Nj 

2DkT \im Dkr) 

and the coefficients m the denominators arc equal to 



where 


e ■“ electronic charge =» 4 77 X 10"*® e s u 
k — Boltzmann's constant " I 371 X 10~*®crg/degrcc 
D « dielectric constant 
T - absolute temperature 
N =• Avogadro s number « 6 06 X lO-* 
d ■“ distance of closest approach for the ions 

C 

Combming (1) and (2), and substituting ^ the partition coeffi 
aent, we obtam 


(S^ C.(7.)« 

A (I - 0) 



(4) 


in \\hich — 

A. 

and (3') 


jS Taking loganthms m (1) and substituting from (3) 

cVei Ol VF, 

1 + i \/cs 1 + 4 , 


log e *■ log 5# — log 5 + 


(5) 
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The total salt concentrations, C and Ci, in the non-aqueous and 
aqueous phases respectively, have been determined by a method which 
will be described later m this paper The ratio of these concentrations, 
S, IS therefore also known, and 71 can be computed from equation 
(30 Assuming a provisional value for ^o, which may be obtamed 
from a plot of 5 vs Ciyi^, extrapolated to Ciji^ = 0, values of 6 
corresponding to the vanous distnbution experiments, have been 
computed from equation (5) by a method of successive approxima- 
tions Then, usmg equation (4), values of — 9) have been plotted 
agamst the correspondmg values of Ciji^ If the correct value of So 
has been chosen, the plot will be Imear, passmg through the ongm 
with a slope equal to /? (see equation (4)) Successive values of So 
are assumed imtil this cntenon is satisfied Smce the slope of the 

plot IS j3 — the ionization constant, K, can thus be evaluated 

In this discussion we have neglected the possible effect of hydrolysis 
of the salts m the aqueous phase on the partition coefficients Al- 
though guaiacol is such a weak acid that its salts are extensively 
hydrolyzed m pure water, it will be shown below that the solubility of 
guaiacol m the aqueous phase, which, of course, was always saturated 
with guaiacol m the partition experiments, is sufficiently great to 
reduce hydrolysis to a negligible extent for our purpose 

EJfecl of Hydrolysis on the Partition Coefficients 

The hydrolysis of sodium and potassium guaiacolate -f- 6?" -f 
H 2 O — •+• OH~ -f HG has a mass action constant 

^ [OHi [HG] 

A\., m this expression, is the dissociation constant for water (1 X 10-‘* 
at 25°) and A'hc is the correspondmg dissociation constant of guaiacol 
m water 

Smce we are interested only m the order of magnitude of the 
hydrol>sis, we may neglect activity corrections Thus, if Ci is the 
original concentration of guaiacolate m the aqueous phase, (X) the 
concentration of salt hydroljzed, and Co the solubility of guaiacol in 
nater, then 
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Km (Co)X 
^HC 


(60 


The solubihty of guaiacol m water (Co) was determined by makmg successive 
additions of guaiacol from a weight burette to a weighed quantity of water con 
tamed m a glass-stoppered flask. After each addition of guaiacol, the solution was 
thoroughly shaken and allowed to stand in a constant temperature room at 25 C 
The amount of guaiacol added to 116 gm. of water necessary for saturation was 
determined to withm 1 drop 

Solubility (weights m air) gm HG/IOOO gm HO = 24 1±02 
Moles guaiacol per 1000 cc solution ■» 0 190 ■■ Co 

The dissoaation constant of guaiacol Khc m water at 25 C was determmed in 
the following way The pH of an aqueous solution 0 129 molal in guaiacol and 
0 0195 molal in potassium guaiacolate was measured with the glass electrode, 
givmg a value of 9 20 ^ 


Taking logarithms in equation (6) we obtam log Kjjg ^ Jog P"! 
— log [HC?] — pH, from which the value of the dissociation constant 
Kjia can be calculated by substitutmg the appropriate values for 
[G-]. pH, and [HG], [HG] « 0 129, pH = 9 20, and log [G"] = log 
(0 0195) + log 're- The activity coeffiaent term, log 7 c- is given 
by the Debye HUckcl equation [equation (301 Thus, Kuo 2S®C 
was found to be 8 X 10“*^ 

Retummg now to equation (60, and substitutmg the proper \alucs 
for Aw, Ahc, and Co we obtam 

10-” 0 190 X 

^‘"8X10-“”C-A 

Solving for Xj we get 

X - (66 X io~*)C 

which shows that the maximum error to be expected from neglecting 
hydrolysis is under a tenth of a per cent For our purposes this small 
effect IS entirely negligible 

Pariilion JZxpenmcnts 

The partition experiments were earned out m Pjtcx glass tubes of about 50 cc. 
capaaty, provided with a stop-cock at one end and a ground glass stopper at the 

* We are indebted to Mr D Belcher for this measuremenL Pure materials 
and carbon dioxide free conductivitj water were used in prepanng the solution. 
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other With this arrangement, the two hquid phases could readily be separated 
from each other for subsequent analysis Equihbnum between the aqueous and 
guaiacol solutions of the alkali guaiacolates® of vanous concentrations was attamed 
by rotating the tubes contaming the solutions in a constant temperature room at 
25°C ±01° for 15 hours The solutions turned from colorless to a yellow or 
brownish tmt at the end of this penod, due probably to an oxidation of a small 
amount of guaiacol to a qumoid structure 

Analysis — The analysis of both the aqueous and guaiacol phases for sodium or 
potassium guaiacolate was earned out by adding distilled water to a known 
volume of solution and titratmg with standard hydrochlonc acid Analyses of 
sufficient accuracy were only made possible by employing with glass electrodes a 
modification of the diflterential titration method desenbed by Macirmes and Dole ® 
Glass electrodes were used since they are not “poisoned” by guaiacol The 
procedure was to titrate the major portion of the solution with 0 1 n or 0 01 n 
acid delivered from a weight burette to withm a few drops of the end-pomt, and 
then to complete the titration with a more dilute standard aad (0 001 to 0 002 n), 
dehvered from a volumetnc burette 

We are greatly mdebted to Dr D A Macinnes for the design of the differential 
titration apparatus which made the attainment of the required accuracy for this 
work possible The apparatus is shown, diagrammabcally, in Fig 1 Two spiral 
electrodes {A and B) of the type desenbed by Macinnes and Belcher^ were used 
The electrode (A) forms part of a gas lift pump for circulating the titrated solution 
A jacket of Jena glass, sealed around this electrode, is filled with 0 1 n hydrochlonc 
aad solution from which a silver-silver chlonde electrode (E) makes contact to one 
terminal of the potentiometer Another, larger, spiral electrode (B) entirely 
encircles the smaller “pump” electrode (A) It is filled with 0 1 n hydrochlonc 
acid from which another silver-silver chlonde electrode (F) completes the circuit 
to the potentiometer The outer electrode (B) is ngid enough to be used as a hand- 
operated stirrer Commercial nitrogen, after passing over soda-hme and through 
a cotton filter, enters through the stop-cock (S), operates the gas lift pump, and 
escapes at (0) Thus, solution is drawn up at (M) and is passed through the inner 
part of the spiral (A), retummg to (iV) The differential titrations were earned 
out with a student type Leeds and Northrop potentiometer and a vacuum tube 
(photron) electrometer ® 

The potential differences corresponding to values near the end-point for a 2-drop 
addition of 0 001 n HCl amounted, in the case of the dilute guaiacol solutions, to 

® The preparation of the salts and the purification of guaiacol have been de- 
senbed in the previous paper Conductivity water was used for the aqueous phase 

® Macinnes D A , and Dole, M , / Am C/iem 5oc , 1929, 61, 1119 

^ Macinnes, D A , and Belcher, D , Ind and Eng Chan , Analytical Edition, 
1933, 6, 199 

* Hill, S E , Science, 1931, 73, 529 We are indebted to Dr S E HiU for put- 
tmg this instrument at our disposal 
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11-12 mv , and to 3-5 mv m the case of the more concentrated solutions It was 
thus alwaj'S possible to estimate the end pomt within 2 drops ofOOOlNaad 

The results of the partition experiments for potassium guaiacolate 
are given m Table I and those for sodium guaiacolate in Table II No 

T 



Do 1 Gbss electrode differential titration apparatus 

corrections were made for hjdrolysis in the aqueous phase, since it 
was shown previously that the errors arising from this source were less 
than the probable expenmcntal errors 
The method for calculating values of the dissoaation constants of 
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the alkali guaiacolates m water-saturated guaiacol has already been 
discussed in this paper 


TABLE I 


The Disfnbuhon of Potassium Guaiacolale between Water and Guaiacol at 25°C 


Non aqueous phase 

Aqueous phase 

ParUUon coe6Baent 

C (moles/hter) 

Ctlmoles/liter) 

Cl(7i)« 


Observed 

Calculated* 


0 0613 

0 0594 

0 1397 

0 0860 

0 439 

0 03247 

0 0322 

0 1001 

0 0643 

0 324 

0 02037 

0 02037t 

0 0780 

0 0517 

0 261 

0 01073 

0 01081 

0 0550 

0 0381 

1 0 195 

0 00924 

0 00925 

0 0505 

0 0353 

0 183 

0 00283 

0 00290 

0 02632 

' 0 0199 

0 107 

0 00093 

0 00090 

0 01347 

0 0108 

0 0690 

0 00055 

0 00052 

0 00974 

0 00802 

0 0566 

0 00034 

0 00029 

0 00683 

0 00577 

0 0490 


A' = 5 1 X 10-® 

t Reference point, /3 = 4 61 , So = 0 0153 


TABLE n 


The Dislnhutwn of Sodium Guaiacolate between Water and Guaiacol at 25°C 


Non aqueous phase 

Aqueous phase 

Partition coefficient 

C (raoles/litcr) 

Ci(moles/liter) 

Ci(ri)» 


Observed 

Calculated* 

Cl 

0 005575 

0 00559 

0 06437 

0 0437 

0 0866 

0 002780 

0 00283 

0 04396 

0 0312 

0 0632 

0 002789 

0 00282 

0 04384 

0 0312 

! 0 0636 

0 001702 

0 001702t 

0 03285 

0 0241 

0 0518 

0 000998 

0 00099 

0 02408 

0 0183 

0 0415 

0 000518 

0 00052 

0 01585 

0 0125 

0 0327 

0 000344 

0 00031 

0 01189 

0 00963 

0 0290 


* A = 4 3 X 10-5 

t Reference point, ^ == 1 75,50 = 0 00855 


Li computing the activity coefficients for the ions, according to the 
Debye-Huckel theory (equations (3) and (3')), a. radius of 7 A has 
been assumed This value was estimated with the aid of crystal 
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structure data,” and is sufficiently accurate since it enters as a correc- 
tion term m the equations 

For the aqueous phase, saturated with guaiacol, the dielectric con 
stant IS 76 1, and for the non aqueous phase, saturated with nater, it 
IS 14 3 “ Accordingly, 

, 0526 Va 

logit Tfi ■= 7 = 

1 + 2-32 VC, 

and 

, 652 Vco 

logit 1 — 7 = 

1 + 5 36 VCO 

that IS, tt = 6 52, 6 = 5 36, a, = 0 526, and Ji = 2 32 in equations (3) 
and (3') 

In Fig 2, for potassium guaiacolate and sodium guaiacolate rcspcc 
tively, the solid Imes show plots of the partition coefficients S (ordi 
nates) against CiTi’ (absassae), Cj referring to the salt concentration 
m the aqueous phase and 71 to the correspondmg activity coeffiaents 
The dotted Imes m the figure show plots of 5(1 — 6) against the same 
absassae It will be recalled that to compute values of 0, succcssne 
values for the limitmg partition coeffiaent 5o are assumed, and the 
correct value of 5o is the one that sends the Imc, 5(1 — 0) M Civd, 
through the ongm The slope of this Imc is 4^ = p, from which A, 

the lomc dissoaation constant, is computed 

The calculated results for potassium guaiacolate give values of A = 

5 5 X 10"‘ and 5o = 0 016, and for sodium guaiacolate A = 3 5 X 
10“* and 5o = 0 007 These values of A arc m satisfactory agreement 
with those obtamed from conductivity measurements, nhich v ere A =■ 

5 1 X 10-' for potassium guaiacolate, and A ■= 43 X 10“‘ for sodium 
guaiacolate 

The agreement may, perhaps, be shown more clearly m another w aj 
Equation (4) may be rewntten m the form 

C - ffCKri)’ + ec (4-) 


® Pauling, L,/ Am Chem Soc 1927,49,765 
tVe are indebted to Dr S O Morgan of the Bell Telephone Laboratonca 
tor these values. 
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We shall assume that K has the value determmed from the con- 
ductivity measurements for each salt Now, takmg the measured 
values of C and Ci for one partition experiment (a reference pomt), we 
calculate p m equation (4'), using equations (1) and (3) Takmg this 
value of we then compute values of C correspondmg to all the 
measured values of Ci A comparison between the values of C (the 
alkali guaiacolate concentration m the non-aqueous phase) calculated 



Fig 2 Partition coeffiaents (S) of sodium and potassium guaiacolates between 
guaiacol and iiater at 25°C 


in this manner and those obtained expenmentally is shown in columns 
(2) and (1) respectively, of Tables I and II The agreement is evi- 
dently quite satisfactory 

The Theoretical Prediction of Limiting Partition Cocjficients 

The relative concentrations of a solute species m two phases which 
are m equilibrium depend on the difference of the potential energy of 
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the solute m the two phases In this discussion, we shall confine our- 
selves to the simplest case (mfinite dilution) for which the concentra 
tion ratio is the limitmg partition coeffiaent, 5o 

It has been shown by Bom,“ from classical electrostatic theory, that 
the difference m potential energy resulting from the transfer of a 
spherical ion from one solvent to another is given by the equation 


in which AE is the charge oE potential energy, c is the electrostatic 
charge of the ion, r is the ionic radius, and D and Z)i are the dielectric 
constants of the two solvents rurthermore, the Maxwell Boltzmann 
distribution theorem gives us an expression for the concentration 
ratio 

S=exp-fr (P) 

Cl 

K is the Boltzmann constant, and T the absolute temperature 
Combinmg these two equations, we obtam 


corresponding to the transfer of one kind of ion However, since the 
electneal neutrality of the phases must be preserved, it is necessary to 
consider the simultaneous transfer of a negative and positive ion 
Consequently, mstead of equation (10) we have, for a simple uni- 
umvalent electrolyte 


log 




m which and r~ are the respective radu of the positive and ncgativ c 
ions This equation reduces to 




(II) 


In the derivation of equation (ll) it has been assumed that the prop- 
erties of the solute depend only on its electrostatic cliarge and radius. 


'■ Bom M , Z Phys , 1920, 1, 45 
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and that those of the solvents depend on their dielectric constants 
alone This means that all energy changes due to electrostriction, 
electrical saturation of solvent about the ions, ionic field asymmetries, 
electronic displacements, etc , have been neglected 
Smce most of the factors neglected m this simple treatment are con- 
cerned with forces operatmg close to the ions, we shall make the follow- 
ing additional assumption Let us assume that most of the “close 
range” forces are confined to a region correspondmg to a smgle layer of 
solvent molecules polarized around the ions It will be recalled that 
the concentration of water m the guaiacol phase, saturated with water, 
corresponds to a mole fraction of about 25 per cent Water molecules, 
although smaller m size, have larger electncal dipole moments than 
guaiacol molecules It is therefore reasonable to suppose that even m 
the guaiacol phase the ions will be preferentially “solvated” with water 
We shall assume, then, that for the case of salts distributed between 
guaiacol and water, the ions may be regarded as similarly hydrated 
with a smgle sheath of water molecules m both phases 
Returning to equation (11), and substitutmg the proper numencal 
values (/I: - 1 37 X lO'^S c = 4 77 X 10-«, T = 298° (for 25°C ), 
D - 14 3, Z7i == 76 1) we obtam 



m which, now, and r~ are the radii, m Angstrom units, of the 
solvated positive and negative ions These values we shall obtam by 
adding 1 A (for the water sheath) to the crystallographic ionic radii ® 
Thus riv-a* = 1 95 A , tk* = 2 33 A , Tq- = 7 0 A Substitutmg 
these values in equation (12) for sodium guaiacolate (Naff) and potas- 
sium guaiacolate (Kff) we obtam 

So (NaG) = 0 0055, So (KG) = 0 011 

V Inch are m as good agreement as can be expected with the expen- 
mentall} determined values 

So (XaG) = 0 007, Go (KG) = 0 016 

Instead of equation (II) X Bjerrum {Tr Faraday Soc , 1927, 23, 447, 449) 
(see also Z p/ns Gar , 1927, 127, 358, 1932, 169, 194) has used equation (10), 

■s ith a \-alue of r equal to the mean of the positive and negative ionic radii, and 
has shov n that it fads to predict actual parUtion coefiiacnts 
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It 15 thus possible to predict from equation (12) that the smaller 
the ion sizes the smaller will be the limitmg partition coeffiaents (5o) 
The stoichiometnc partition coefficient (S) (see equation (4)) is 
directly proportional to the square of (5o), and mdirectly proportional 
to the dissoaation constant (K) 

It can be shown“ that the same factors which mcrease (So) also 
mcrease (K) However, smce S is proportional to the first power of 



and to the square of (5'o), the latter primarily dctermmcs the 


change of (S) with the concentration Thus we may conclude that 

/ C 

the slope jS = 4^ of equation (4) will be larger for salts havmg larger 


ions This generalization is confirmed in the recent partition expen 
ments of Osterhout, Kamerhng, and Stanley,'* who found that for the 
alkali guaiacolates distnbuted between water and guaiacol /> crcsol 
mixture, 5 mcreases m the order Cs > Rb > K > Na > Li, which 
IS precisely what we should expect from the correspondmg ion radii 
The small partition coefficient for potassium chlonde, measured by 
the same investigators can similarly be predicted from equation (12), 
since the “hydrated” chloride ion (ra = 2 87 A ) is considerably 
smaller than the correspondmg guaiacoiate ion (rc- = 7 0 A ) 

The effect of temperature on partition coefficients can be deter- 
mined from equation (11) Smce the loganthm in this equation is 
numencally negative, we can predict a greater partition coefficient at a 
higher temperature 


SUMMARY 

1 Measurements are reported on the distribution of sodium and 
potassium guaiacolates between guaiacol and water at 25°C 

2 The vanation of the partition coeffiaents wnth the concentration 
IS cxplamed ivith the aid of the Debj e HUckel mlenonic attraction 
theory and the assumption that the salts arc strong clectrolj’tcs m 
water and weak electrolytes m guaiacol 


** Bjemim, N K Danske Vtdensk Schk 1926 7, No 9 Tuoss, R.M and 
Kraus C A, J Am Chem Soc 1933 66,1019 

“ Osterhout, tv J V , Kamerlmg S E and Stanle> , tV At, / Gen Phynot 
1933-34,17,469 
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3 The dissociation constants of sodium and potassium guaiacolates 
m guaiacol previously computed from electncal conductivity deter- 
mmations are shown to be m agreement with the correspondmg values 
obtamed from the distribution measurements 

4 From theoretical considerations an equation is denved with which 
it is possible to predict the magnitude of the lumtmg partition coeffi- 
aents from the dielectnc constants of the solvents, the size of the 
solute ions, and the temperature 



INFLtlENCE OF DEATH CRITERIA ON THE X-RAY SUR- 
VIVAL CURVES OF THE FUNGUS, NEUROSPORA* 

Bv FRED M UBER and DAVID R. GODDARD 
{From Ike Department of Botany, Vnnersity of Cahjomta, Berkeley) 
(Accepted for pubbcation, November IS, 1933) 

Most recent papers on the effects of X rays on microorganisms have 
been based on quantitative mvestigations, and the results usually 
have been expressed m the form of survival curves where the survival 
ratios are plotted as a function of the X ray dosage In general, at- 
tempts have also been made to correlate the findings with the predic- 
tions of the quantum hit theory Origmally denved in an elementary 
form by Crowther (1926) and Condon and Tcmll (1927) from statis 
tical considerations of the quantum nature of radiation, this theory 
has recently been elaborated by Glocker (1932) so as to be applicable 
to more complex biological systems 

The quantum hit theory has taatly assumed that the concept of 
death is absolute and precise — that a distmction between the condition 
of life and death in a given organism can always be made In deter 
minmg survival ratios, one must first select some reliable cntenon as 
to what constitutes survival No theoretical sigmficance can be 
attached to survival curves obtained m the absence of an accurate 
standard For example, the traditional mdex of death adopted by 
bacteriologists is the failure of a cell to produce a macroscopic colony, 
or, m other words, the loss of the reproductive function 

The shape and meaning of bactcnal kiUing cun cs have been discussed b) Rabn 
(1932) It has been customary to draw such graphs on scmiloganthmic paper 

• The authors take pleasure in expressmg their gratitude to Dr Lee Bonar for 
the privilege of frequent consultauon and advice, and to Dr T H Goodspeed for 
his enthusiasm and generosity m plaang at our disposal his facfliUes for research 
with X tadiaUon 

The invcsUgations reported here were supported by grants to Dr T If Good 
speed from the Board of Research Umicrsity of California, and from the Com 
mittce on the Effects of RadiaUon of the National Research Counal 
57J 
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'WTien data on the bactenadal effects of X-rays were graphed m this orthodo'? 
manner by Holweck and Lacassagne (1929, 1930fl) and Wyckoff (1930), straight 
lines ^ere obtained These were immediately mterpretable in terms of the quan- 
tum hit theory with which they were in complete agreement, and meant that a 
bacterium was killed by the absorption of a single quantum Since it was known 
from ene^g^ considerations that each bactenum had actually absorbed many 
quanta, the particular one effective in causing death was considered to have been 
absorbed in a so called sensitive volume Such sensitive regions have been 
assigned values ranging from cell nuclear to molecular dimensions, depending on 
the expenment Although no effects have been ascnbed to the numerous quanta 
absorbed outside the sensitive volume, Wyckoff (1932) has recentl}^ had some mis- 
givings about them 

Additional experiments to prove the correctness of the quantum hit theory were 
soon under way with yeasts as the test orgamsms Life was found to continue 
even though the buddmg process was inhibited, furthermore, many cells were 
found budding one or more times before succumbing to apparent death Although 
reproducible survival curves were obtained by Holweck and Lacassagne (19306), 
Wyckoff and Luyet (1931), and docker, Langendorff, and Reuss (1933), the adop- 
tion of arbitrary death catena pemutted no umque mterpretations m terms of the 
theory Rahn and Barnes (1933) in an experimental study of death catena in 
j east found their curves radically affected by the following selection of standards 
reproduction, staimng, rate of CO 2 production, and protoplasmic coagulation 

Very interesting in this connection are the results obtained by Zirkle (1932) on 
fern spores irradiated with alpha particles Each of the three death catena he 
used 3 'ielded a different value for the number of hits required to kill 

Of the several references known to the authors on the effects of X-radiation on 
fungi, only tw'o contain quantitative data Attempts by Leonian (1929) and 
Heldmaier (1929) were entirely negative, Holweck and Lacassagne (19306) found 
thar matenal unsuitable for quantitative study, Nadson and Phihppov (1925) 
report qualitative observations only Studies on the control of agnculturally 
important fungi with X-radiation have been reported by Tascher (1933) Al- 
though most of his paper is devoted to a study of induced sector mutations, Dick- 
son (1932) has published a kilhng curve for Chaelomium cochhodcs, plotting number 
of injured spores against the dosage The difficulties encountered by Luyet (1932) 
in his studies with the fungus, Wnzoptis mgricans, are partially revealed in the 
following quotation “Besides the giant spores without m>ceha, others are found 
which, growing short mjceha before their development ceases, represent all 
transition stages toward normal cells The presence of swollen spores 

ob\iousl\ makes it difficult to set up the accurate cateaon of death nccessar> for 
obtaining sigmffcant survival ratios ” 

In inaugurating the researches reported in this paper, the authors 
were desirous of finding a fungus suitable for a quantitative study of 
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certain biological effects of X-rays Two speaes of the ascomycetous 
fungus Netirospora, N silophla and N lelrasperma, were selected 
These are closely related species which do not hybndize freely, but as 
the former has uninucleate ascospores and the latter bmucleate, some 
variation m the shape of their survival curves or m the rate of mduced 
mutations was considered possible 

The genus Netirospora is well known from the papers of Shear and 
Dodge (1927), Dodge (1927, 1928, 1951), and Dmdcgien (1932, 1933) 
N stlophila produces 8 unisexual, uninucleate, haploid ascospores m 
each ascus A smgle spore culture gives a vegetative colony which is 
genetically homogeneous, for all the cells have been obtained from a 
haploid cell Smce these single spores are easy to isolate, this is a 
particularly favorable organism m which to study mutation rates in 
either control or irradiated cultures Smce the vegetative cultures 
are haploid, there is no problem of dommance for the vegetative char 
acters, therefore, backcrossmg is uimecessary This may not be true 
in a study of reproductive characters Sexual cultures of N sttophtla 
may be obtamed readily by breedmg the two sexually allelomorphic 
strains N lelrasperma produces 4 bmucleate, bisexual, diploid 
spores in each ascus If there is any donunancc, the frequency of 
apparent variation should be much less This organism is probably 
not so suitable for a study on the rate of mutation , however, it is more 
convenient for detemunmg the effects of X rays on sexual repro 
duction 

X Radiation 

As a source of low voltage \ radiauon a water cooled Mueller tube (the so 
called Grenz ra\ tube) was emploied Jo this particular form of tube the filament 
leads extend through a hole in the center of the anucathode so that the focal source 
is atmular m shape and inclined at an angle of 45® with respect to the utlhzahle 
\ mi beam The CO cycle alternating potential applied to both tube and filament 
was suppbed by a manually controlled Wappler installaUon Throughout the 
course of the expenments the cahbrated voltmeter on the primary of the high 
voltage transformer read 11 kv (root mean square) The tube current was held 
constant at 8 imTliampcrcs Although no spectral analysis has been made of the 
quality of the radiation it seems clear from the data of Glassncr (1931) and Txncr 
(1932) that over 95 per cent of the measured intensity was included in the wave 
length range from 1 to 2 5 AngstrSm units. The landemann glass window m the 
tube served as the only filter 
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Dosage measurements m terms of the mtematonal roentgen rvere earned out 
■with an open air lomzation chamber and accessorj" apparatus pre-viously con- 
structed by one of the authors Though similar in design to the instrument of 
Taylor and Stonebumer (1932), it differs m a number of structural features which 
have been desenbed elsewhere by Uber (1933) Except in the germination 
expenments, the intensity used throughout was such as to give a measured dosage 
of 210 roentgens per minute This value would be increased somewhat by scat- 
tered radiation 

Umformity of X-ray intensity in a radial direction for the effective beam was 
found by lomzation measurements to he within the hnuts of the experimental 
error Angular unifonmty was secured by rotating the irradiated matenal 
contmuously on a chnostat, the penod of rotation being small compared to the 
exposure times Smee it was impossible to ehminate scattered radiation, an 
attempt was made to have its contnbution to the total intensity a constant one 
oxer the area used To accomphsh this, the matenal was placed on a smooth 
agar surface which in turn was laid on a plane sheet of lead resting on the dmostat 

Matenal and Methods 

Cultures of Neurospora silophtla and N teirasperma were kindly furnished us 
by Dr B 0 Dodge of the New York Botanical Garden Strains of the former 
bore the markings 56 8 A and 56 3 B, the latter 19 3 e Both species produce 
an abundance of black ascospores which are discharged from their penthecia when 
mature These spores are approximately 13-15ja in diameter and 23-31ja in 
length, the upper limits in each case being charactenstic of N tetraspema Coni- 
dia and microcomdia are also produced The prolonged heat treatment, to which 
the ascospores must be subjected in order to initiate growth processes, insures 
punty of the cultures by kilhng vegetative cells or contaminating organisms 
This obxnation of stenlity precautions makes these ascospores very desirable 
test objects from the standpomt of expenmental technic 
A suspension of ascospores, which had been discharged from mature penthecia, 
was made m distilled water The dilution of the suspension was adjusted by tnal 
so that when the surface of a arcular agar disc was flooded the spores were well 
separated The plam 3 per cent agar was 15 cm in diameter and 3 mm thick 
After the surplus water had evaporated from the surface, this sheet of agar and 
Its lead support were centered on the chnostat The irradiation was earned out 
•with the spores 21 cm from the effective focal plane of the anticathode Angular 
sectors of the agar disc were removed at the end of the several exposure intervals 
hen all of the exposures had been made the irradiated sectors and the controls 
were subcultured 

Single spore moculations were made from the vanous sectors and controls with 
the aid of dissecting nucroscopes and small spatulas From 100 to 150 single 
spore isolations were made for each interval, and each spore was inoculated into 
a 10 cm test-tube The nutnent medium vas 0 5 per cent malt extract and 0 5 
per cent glucose m 2 per cent agar 
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The heat treatment administered to these agar slant cultures uas earned out m 
a thermostat oven at 60®C After exposure penods rangmg from IJ to 2i hours, 
depending on the particular expenment the cultures were transferred to the 25^C 
incubation room 

Qmltlaltvc Results 

Early experiments with N stlophtla were largely of an exploratory 
nature In group germination studies of the irradiated ascospores, a 
marked delay m growth ranging from several hours to several days 
was at once apparent Development of the spores in the higher 
dosage groups soon ceased, only short germ tubes having been pro 
duced With successively shorter exposures, there was a progressive 
mcrease in the mycelial growth which finally obscured all observations 
That the really interestmg phenomena were bemg masked and that 
it would be necessary to adopt some such method as the one outlmcd 
m the precedmg section were immediately evident 

Since each spore gave rise to an individual test tube culture, the 
fate of each one could be easily followed Most striking was the large 
percentage of abnormal cultures which developed from the irradiated 
spores while the controls showed almost complete uniformity, how 
ever, the abnormalities were practically continuous in gradation 
Among the many mutant charactenstics, the following may be men- 
tioned color vanations in conidial masses, discoloration of agar 
substrate, abortive penthccia, non conidial albino strains, unusual 
types of aerial mycelium, and the so called “wet” cultures These 
qualitative observations parallel those of the earlier investigators on 
fungi 

Survival curves for N stlophtla were obtained too early m the c\o 
lution of our technic to be of quantitative value In cases where the 
data arc comparable, they corroborate tlic results obtained with N 
tclraspcrma 

QuanUtalrc Results 

Group Cultures — ^The methods used m obtaining quantitative data 
on ascospore germination differ m several particulars from those 
outlined on previous pages Higher dosage requirements necessitated 
shortening the distance from the anticathodc to the irradiated ma- 
terial from 21 cm to 9 cm The approximate dosages for each of the 
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exposure penods, as given in Table I, are to be considered as minimal 
values Upon removal from the X-ray beam, the original sectors of 
the agar disc holding the spores were placed in Petri dishes, at the 
conclusion of the senes of exposures, these were heated for 2 hours in a 
thermostat oven at 62®C The germmation counts were made 12 
hours later, the protrusion of as much as a mycelial beak bemg con- 
sidered as an mdex of germination 
It will be noted from Table I, and from Table II as well, that control 
germinations under the conditions of the experunent were unusually 
uniform — rangmg from 92 to 95 per cent Series H and K differ in 

TABLE I 


Gcrmwahon Data for X-Irradtaled Ascosporcs of N ietraspcnna 


X ra> exposure 

Approximate 

dosage 

Senes H 

Senes K 

No counted 

Germinated 

No counted 

Germinated 

hrs 

roentgens 


per cent 


per cent 

0 

0 

244 

93 5 

804 

95 

1 

70,000 

228 

91 7 

545 

92 4 

2 


217 

76 

347 

85 





368 

83 

3 

210,000 

600 

00 

510 

51 

H 

245,500 



588 

34 5 

4 


168 

46 

653 

82 

5 


373 

93 

446 

26 

6 


203 

94 

788 

2 5 

7 


174 

79 



8 

HlHI 

162 

59 




that the spores in Series K were a month older, the latter were obtained 
from a culture aged 3 months When presented in graphical form as 
Fig 1, these results exhibit several stnking features Outstanding is 
the existence of a low minimum in the survival curve followed by a 
high secondary maxunum As shown by the composite growth curve 
vhich has been inserted for comparison, the normal growth process is 
inhibited long before the mechanism responsible for germination is 
destroyed No relationship whatsoever seems to exist between ger- 
mination and grow’th, other than that the former is necessarily a 
prerequisite of the latter 
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With increasing X ray dosage up to 100,000 r , there is a progressive 
decrease m the length of the germ tube This is m agreement with 
the observations of Dichson (1932) on Cliactomtwn cocliltodes and 
Luyct (1932) on Rluzopiis ntgncans It is difficult to detemune just 
what constitutes germination at the higher doses Spores receiving 
dosages around 150,000 r produced short, swollen germ tubes Upon 
closer exammation these w ere found to contam coagulated protoplasm 
and were obviously dead For dosages around 300,000 r or more, the 
germ tubes were qmte transparent as if filled with an aqueous solution 
This IS the region of the second maxunum m the germmation curve 



Fig 1 Survival ol irradiated ascospores using germination as a entenon of 
death Note that growth ceases at a comparativclj low dosage. 

None of these germ tubes grew apprcaably m length, and it seems 
probable that all these spores, even though producing germ tubes, 
were dead It appears likely that the germination curve is dependent 
upon certam physical rather than physiological effects of the X rays 
The germination curve, then, probably represents the course of cer 
tain physical changes in a non living system Spore germination is 
not a entenon of the life of the cell, therefore, it cannot be used for 
obtaining data mth which to test the quantum hit theory of lethal 
action Luj et (1932) has used spore germination for such a entenon 
from the above discussion this seems not to be justified 
Sitigle Spore Cultures — ^The data on smgle spore cultures of irra 
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dialed N ietrasperma were obtained according to the methods al- 
ready described in a previous section The results are tabulated in 
Table II Series E and G differ in regard to their heat treatment, the 
former bemg heated 1| hours and the latter 2\ hours at 60°C It was 
considered highly desirable to avoid all artificial distinctions m as- 
certaming the lethal effects produced Consequently, only those 
cnteria of death which appeared to have a real significance m the life 

TABLE u 


Single Spore CuUurc Data for X-Irradiatcd N Iclraspcrma 
(Senes E Above, Senes G Below) 


Exposure 

tunc 

Total 


No of cultures with 


Cultures with 

No of 
cultures 

Normal 

penthccia 

Mature 

ascospores 

Penthccia 
absent or 
sterile 

Positive 

growth 

Growth 

absent 

Positive 

growth 

Mature 

ascospores 

hs 

0 0 

too 

87 

88 

4 

92 

8 

per cent 

92 

per cent 

88 

0 5 

100 

84 

87 

1 

88 

12 

88 

87 

1 0 

60 

38 

49 

2 

51 

9 

85 

82 

1 5 ^ 

149 

31 

73 

35 

108 

41 

72 

49 

2 0 

150 

7 

30 

80 

110 

40 

73 

20 

3 0 

149 

0 

2 

20 

22 

127 

15 

1 3 

4 0 

100 

0 

0 

1 

1 

99 

1 1 

i 0 

5 0 

97 

0 

0 

0 

0 

i 97 

1 0 

0 

0 0 

1 100 

93 

I 93 

1 

94 

6 

94 

93 

0 5 

100 

79 

1 79 

2 

81 

19 

81 

79 

1 0 

99 

77 

88 

1 3 

91 

8 

92 

89 

1 33 

145 

63 

98 

20 

118 

27 

81 

68 

1 66 

150 

33 

64 

. 74 

138 

12 

92 

43 

2 0 

149 

3 

19 

105 

124 

25 

83 

13 

2 5 

100 

1 

4 

28 

32 

68 

32 

4 


cycle of the organism were employed These were germination, 
positive growth, mature ascospores, and the production of normal 
penthecia Penthccia have been considered normal if they dis- 
charged their spores wnthin 3 weeks after irradiation In determining 
the cultures wath mature ascospores, the non-discharging penthccia 
vere crushed on cover-glasses and examined under the microscope 
By “positKe growth” is meant cultures w'hose mycclia covered the 
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surface of the agar substrate and/or which were capable of being sub 
cultured The selected groupings were found to possess well defined 
natural boundanes Within each classification, however, continuous 
gradations existed For example, the class “mature ascospores” 
mcludes those cultures which discharged spontaneously, those which 
contained a full complement of spores but did not discharge, and 
finally penthecia which contamed relatively few mature spores 
Sunilariy, under "penthecia absent or stenfe" are grouped comdial 
and non comdial cultures along with those having scleroid bodies, 
abortive penthecia, etc The appearance of 4 non pentheaal cultures 
m the Senes E controls is probably due to the unmtentional cultunng 
of small unmucleate spores Since it was known that a small per- 
centage of such spores appears m N tctrasperma, an effort was made to 
select only the uniform bmucleate vanety Even the bmucleate spores 
may be unisexual in rare cases {see Lindegren, 1932) The final 
counts were made 30 days after the date of irradiation That equally 
significant data might have been secured at a much earher date was 
mdicated by superfiaal counts made m the mtenm 

A graphical presentation of much of the data in Table II is fur- 
mshed m Tigs 2 and 3, though in a shghtly altered form The sur- 
vival ratios have been adjusted for the controls by setting the value of 
the latter at 100 per cent In order that all the cunes might be 
readily comparable with each other, the X ra> dosage in roentgens has 
been plotted as the abscissa m each case In Tigs 2 and 3, each 
abscissa division corresponds to a tunc period of 1 hour or a dosage of 
12,500 r The germmation curve, which for such low dosages is 
practically a straight Ime, has been sketched for comparison No 
graphs have been drawn to represent the survival of normal penthecia 
since the values to be plotted for such curves are almost identical with 
the ascospore ratios for the mitial penods of exposure, however, at the 
higher dosages the development of normal peritheaa was curtailed 
very markedlj Thus while both nuclei of a spore might survive the 
irradiation process, injury sufficient to interfere wath the automatic 
dispersal of mature ascospores from the penthecia was frequentij 
sustained 

The dosages corresponding to 50 per cent survival for ascosjiorc 
production and grow th arc approxiniatcl 5 20,000 and 30,000 roentgens. 
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Fig 2 Survival curves for irradiated ascospores, showng the dependence of 
shape on the choice of death cntena 



Fig 3 Survival curves for irradiated ascospores The broken line represents 
the ascosp>ore production expressed as a percentage of the number of groumg 
cultures 
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respectively Since two nuclei must be operative m sexual reproduc- 
tion while only one may suffice for growth, one would expect from 
probability considerations some such relationship between these half 
survival dosages For example, if the probabihty of one nucleus in a 
spore bemg mortally injured by a given dosage is 0 5, the chance of 
both suffering the same fate is the product of the separate probabili- 
ties, or 0 25 This assumes that both nuclei are equall> sensitive 
and that the theory of probability is valid when applied to the phe 
nomenon of death induced by X radiation Though the aho\ e value 
fits the conditions in Fig 2 rather well, the agreement with additional 
calculations made m the same manner is far from satisfactory in 
general 

The zigzag nature of the growth curve in Fig 3 may be spurious, 
such as would result from sarophng or other error It is certainly 
brought about by a cause other than that immediately responsible for 
the processes of sexual reproduction Support for such a view is seen 
in the shape which the ascospore curve for Senes G assumes when the 
survival ratios are based on the number of positive growth cultures 
instead of on the total number of tubes inoculated This transfomia 
tion gives the broken curve m Fig 3, a curve which is regular in shape 
and approximately congruent with the concsponding one in Fig 2 
Most of the data graphed in Figs 2 and 3 are unsuitable for an analj-sis 
on the basis of the quantum hit theory due to irrcgulanties m the 
shape of the curves If this anomalous behavior is real, and due, 
perhaps, to the mtcraction of several destructive phenomena, the 
theory is not strictly applicable unless the gross survival curves can 
be resolved into their component parts If one plots the standard 
theoretical survival curves correspondmg to the effective number of 
hits required to kill (see Condon andTemll, 1927), and compares them 
with the ascospore curve in Fig 2, one ohtmns the i alue 9 for the best 
fit From energy considerations it is now possible to calculate the 
so called sensitive volume of the spores Assuming the effective 
wave length to be 1 S Angstrom units, the specific gravity 1 1, the 
ionizing cnergj in volts per ion pair 35, and making other customary 
assumptions as to absorption coefficients, etc. (see Wj ckoff, 1930), one 
finds for the supposed sensitive volume a diameter of 0 Sp Recallmg 
that the ellipsoidal spores have the mmor and major axes 15p and 
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31 [j. respective!}’-, one has a reference basis for comparison In the 
absence of prease data on nuclear dimensions, it seems reasonable to 
assume that the sensitive region m volume corresponds to the chro- 
matm or perhaps to a smgle chromosome Smce the X-ra}^ were 
neither monocliromatic nor filtered, any attempt to arrive at a more 
accurate picture of the lethal process with the data at hand would be 
manifestly unjustifiable 


DISCITSSION 

Just as the life of a cell demands the presence and functionmg of 
several distmct structures, so death processes may be mduced by the 
destruction or mjury of any one or all of these necessary cell entities 
Hence one nould not anticipate a prion a simple hiUmg curve That 
many surMi’al cun’es do possess an elementary shape is probably 
attributable to the fact that some cell structures are much more 
sensitn e than others to lethal agents In his studies with fern spores, 
Zirkle (1932) has shown that the nuclear elements are much more 
susceptible to alpha radiation injuries than the extranuclear ones, but 
that sufiicient interference mth the functions of the latter will also 
destroy hfe In fact, Zirkle found that the shape of his survival curves 
could be completely altered by changmg the orientation of the spores 
mth respect to the source of radiation — thus rendermg the nuclei 
more or less accessible to the alpha particles \ATnle such radical 
effects are not to be expected imder the conditions of the present 
experiment, it is v ell to bear the possibility m mmd when employing 
low \ oltage X-rays 

The fact that germination — defined as the protrusion of micro- 
scopically detectable material from the spore — can vnthstand ex- 
tremeh’ high dosages compared to the mechanism in\ olved in growth, 
indicates that the tvo processes are quite dissimilar or at least proceed 
at \ cr} different rates It is known that the contmued grovlh of an 
organism requu-es a nucleus, although c}'toplasm ma} Ii\e for some 
time without the beneht of such a structure Increasing degrees of 
c\-tol\-si 5 under prolonged X-radiation might therefore account for 
decreasing m}cclial de^elopment with exposure time It is very 
probable too that germination phenomena are intimately associated 
vnth struccural changes in the spore membrane The question of 
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permeability assumes importance m connection mth osmotic phe- 
nomena That X radiation renders cell membranes more permeable 
to many solutions has been established by several investigators (see 
Kovacs, 1928) Diffusion coefliacnts likewise mcrease 

Along with these considerations, it is mterestmg to read the recent 
papers of Nakashima (1926) and Rajewsky (1930) on the effects of 
ultraviolet light and X rays in coagulating pure proteins tn vilro 
They obtamed a rhythmic curve for the number of protem particles 
observable m the ultranucroscope when plotted as a function of dosage 
Just how far such a picture may be apphcable, if at all, to the data on 
Neiirospora gemunation cannot be foretold 

Recent studies by Stubbe (1933) on the vanation of mutation 
rates m Antirrhinum majus with X ray dosage may possibly have a 
beanng on this problem. Over a wide range of X ray wave lengths, 
Stubbe found with mcreasmg dosage that the mutation rate increased 
to a mammum, then decreased to a mmimum, and finally increased 
agam 

sothiaey 

1 When ascospores of Ncurospora telrasperma were irradiated 
with 11 kv X rays, the smglc spore cultures obtained displayed a wide 
vanety of mutated forms 

2 Control gcrmmations of ascospores showed uniform behavior, 
rangmg from 92-95 per cent germination 

3 The shape of the survival curves was found to be a function of 
the entenon of death The foilowmg entena were used germmation, 
growth, production of mature ascospores, and the production of normal 
pentheaa 

4 The gemunation survival curve exhibited a rhjlhmic variation 
with dosage Germination is not a significant entenon of death 

5 Half survival dosages for growth and ascospore production were 
approximately 30,000 and 20,000 roentgens, respectnelj 

6 Multiple hit to kill relations were found on the basis of the 
quantum hit theory, no accurate analysis was possible 

7 The studies indicate that ascospore death does not result from 
a single well defined reaction, but rather from the integrated effects 
of several deletenous processes mitiatcd b) the radiation 



590 


X-RAY SURVIVAL CURVES OF NEUROSPORA 


LITERATURE CITED 

Condon, E U , and Terrill, H M , 1927, J Cancer Research, 11, 324 
Crowther, J A , 1926, Proc Roy Soc London, Series B, 100, 390 
Dickson, H , 1932, Ann Bol , 46, 389 

Dodge, B 0 , 1927, J Agne Research, 36, 289, 1928, 36, 1, 1931, Mycologia, 23, 1 
Exner, F M , 1932, Am J Cancer, 16, 1275 
Glassner, 0 , 1932, Radiology, 18, 713 
docker, R , 1932, Z Phys , 77, 653 

docker, R , Langendorff, H , and Reuss, A , 1933, Slrahlenlherapie, 46, 517 
Heldmaier, C , 1929, Z Bol , 22, 161 

Holweek, F , and Lacassagne, A , 1929, Compt rend Acad ,188, 197, 1930a, Conipt 
rend Soc biol ,103, 60, 1930 b, Conipl rend Acad ,100, 524 
Kovacs, K , 1928, Slrahlenlherapte, 30, 77 
Leonian, L H , 1929, Phytopathology, 19, 753 

Lindegren, C C , 1932, Bull Torrey Bot Club, 69, 85, 119, 1933, 60, 133 
Lu}'et, B J , 1932, Radiology, 18, 1019 

Nadson, G , and Philippov, G , 1925, Compt rend Soc biol , 93, 473 
Nakashima, J , 1926, Slrahlenihcrapte, 24, 1 

Rahn, 0 , 1932, Physiology of bactena, Philadelphia, P Blakiston’s Son and 
Co , Inc 

Rahn, 0 , and Barnes, M N , 1933, J Gen Physiol , 16, 579 
Rajewskv, B , 1930, Btochem Z , 227, 272 
Shear, C L , and Dodge, B 0 , 1927, J Agrtc Research, 34, 1019 
Stubbe, H , 1933, Z induU Abslammtings-u Vcrcrbungsl , 64, 181 
Tascher, W R , 1933, J Agnc Research, 46, 909 

Taylor, L , and Stoneburner, C , 1932, Bureau Standards J Research, 9, 769 
Uber, F M , 1933, Rev Scicnt Inst , 4, 649 

W 3 ^ckoff,R W G,1930,y Exp Med ,62, 435,1932, J Gen Pkyswl ,16,351 
Wyckoff, R W G , and Luyet, B J , 1931, Radiology, 17, 1171 
ZirUe, R E , 1932, J Cellular and Comp Physiol , 2, 251 



INACTIVATION OF CRYSTALLINE TRYPSIN 


Bv M KUNTTZ and JOHN H. NORTHROP 
{From the Lahoratones of The RockefeHer Institute for Medical Researcliy 
Princeton, N J) 

(Accepted for pubbcation November 24, 1933) 

Trypsin, like other enzymes, becomes mactive when in solution, 
and the rate at which this mactivation occurs depends upon the tern 
perature, the pH, the concentration and the purity of the solution 
Crude trypsm preparations have a maximum stability at about pH S 0 
and the solutions become more stable as the concentration is increased 
(1) They are completely and permanently inactivated if heated 
above 70°C Solutions of purified crystallme trypsm behave quite 
differently, they may be heated to boiling (2) (m and solution) for a 
short time without permanent loss m activitj , in slightly alkaline 
solution they become more unstable as the concentration of the enzyme 
increases 

Smee the crystallme preparation is apparently a pure protem it is 
possible to follow changes m the composition of the solution as well as 
changes m activity A detailed study has been made of the mactiva 
tion of solutions of crystalline trypsm at various pH ranges and at 
various temperatures below 31°C m order to detenmne the nature of 
the reactions and to see w hether the loss in activity under all conditions 
IS proportional to the decrease m trypsm protem 

Reversible Inaclralwn 

The inactivation of trypsm solutions may be either reversible or 
irreversible Reversible mactivation is caused bj raising the tempera- 
ture or by makmg the solution strongly alkaline This reaction is 
practically instantaneous The loss in activity is accompanied by 
the appearance of reversibly denatured protem which is insoluble m 0 S 
u salt solutions at pH 2 0 and which is inactive The native active 
protem is soluble even in molar salt solutions at pH 2 0 This re 
versibly denatured protem is m equilibrium (3) wath the active native 
591 
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protein and reverts to the active native protein if the solution is 
allowed to stand at pH 2 0 and at about 20°C At 0°C the reversibly- 
denatured protein becomes demonstrable in the solutions at about 
pH 8 0 As the alkalinity is increased from pH 8 0 to pH 12 0 the 
percentage of the trypsin protem present m this reversibly denatured 
form increases rapidly and at pH 13 0 practically all of the enzyme is 
in the denatured form This decrease m the active form of the enzyme 
present from pH 8 0 to 13 0 agrees quite closely with the decrease m 
the rate of digestion of proteins by trypsm m this range of pH The 
formation of this denatured form of the enzyme accounts for the effect 
of the pH on the digestion of pro terns with trypsm on the alkalme side 
of the optimum and offers experimental evidence to show that changes 
m the nature of the enzyme protein result in corresponding changes in 
activity 


Irreversible Inaciivahon 

The rapid loss in activity at higher temperatures or m alkalme 
solutions, just described, is completely reversible for a short time only 
If the solutions are allowed to stand the loss in activity becomes 
gradually irreversible This irreversible mactivation is accompanied 
by the appearance of various reaction products the nature of which 
depends upon the temperature and pH of the solution The loss in 
actmty at various pH is shown m Fig 1 On the acid side of pH 2 0 
the trypsin protein is changed to an inactive protein which is irreversi- 
bly denatured by heat The course of the mactivation m this range 
of pH IS monomolecular The rate of mactivation decreases as the 
acidity becomes less and is very slow at pH 2 0 

From pH 2 0 to about pH 9 0 the trypsin protein is slowly hydro- 
lyzed and decomposition products which are not precipitated by^ 
trichloracetic acid (non-protein nitrogen) appear m the solution The 
ammo nitrogen content increases but no ammonia is liberated The 
kinetics of the irreversible inactivation in this range of pH agree with 
the assumption that the active native protem hydrolyzes the denatured 
form with which it is in equilibrium The irreversible mactivation is, 
therefore, bimolecular in this range of pH and the rate of mactivation 
mcreases from pH 2 0 to pH 10 0 and then decreases Since the 
mactivation due to the formation of inactive protem increases -with 
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increasmg aadity, while inactivation due to hjdrolysis ot the protein 
increases with increasing alkalinity, there is a pH at which the total 
inactivation is minimum This pomt of mmimum irreversible macti- 
vation or pomt of maximum stability is at pH 2 3 
On the alkalme side of pH 13 0 the reacbon is similar to that m 
strongly acid solution and consists m the formabon of mactive protem 
No non protem products are formed durmg the mactivation and the 
course of the reacbon is monomolecular The velocity of the reaction 
mcreases with mcreasmg alkahnity 



Fig 1 Loss m activity ot toTsm soluUons at various pH 

In the intermediate range of pH, from 9 0 to 12 0, the trjTism pro 
tern IS partly hydrolyzed and partly changed to mactive protein so 
that the course of the reaction is represented by the sum of the bimo 
lecular reaction, representing the hydrolysis, and the monomolecular, 
representing the transformation into macbvc protem As the pH is 
increased beyond 11 0 the percentage of active trypsin in solution 
decreases rapidly so that the rate of the reaction resulbng m the 
hjdroljais of denatured trjTism becomes progrcssivclj slower On 
the other hand, the reacbon which results m the formation of in- 
active protem becomes progressively more rapid so that as a result 
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of these two reactions there is a second point at about pH 13 0 at 
which the rate of irreversible inactivation is a minurn im 

It was found in general that the decrease m activity under all the 
various conditions was proportional to the decrease in concentration 
of the trypsin protein although in strongly acid or alkaline solutions a 
small amount of mactive protem is formed at 30°C which cannot be 
separated quantitatively from the trypsm protem As a result the 
specific activity of the "active native protem" decreases during the 
experiment In no case w as the specific activity of the protein fraction 
higher than that of the onginal trypsm protem There is, therefore, 
no indication that protem can be destroyed without a correspondmg 
loss m activity This result also shows that none of the split products 
of the trypsm protem has any appreciable activity They are, there- 
fore, similar to the results of the experiments on the inactivation of 
pepsm (4) Equations have been derived which agree quantitatively 
with the results of the various inactivation experiments 

EXPERIMENTAL RESULTS 

It was found that inactivated trypsm solutions could be quantita- 
tively analyzed for several definite fractions and these are referred to 
here as though they consisted of single compounds although they are 
probably mixtures of smular compounds In order to describe the 
results m detail it is necessary to define these various fractions The 
following terms have been selected for their brevity and are defined 
more or less arbitrarily m relation to the properties which distinguish 
the fractions durmg the analysis 

Total Protein — ^Protem precipitable by 2 5 per cent trichloracetic 
acid at 75°C 

Total Native Protein — ^Total protem soluble m m/1 sodium chloride 
or sodium sulfate at pH 2 0 

(a) “Inactive Native Protein ” — ^Native protem insoluble m 
cold salt solution after heatmg m salt-free acid This fraction has 
no tryptic activity 

(b) “Active Native Protein” (Trypsin Protein) — ^Native pro- 
tem soluble m cold salt solution after heating m acid This frac- 
tion contams the tryptic activity 
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Total Denatured Protein — ^Protein insoluble in m/1 sodium chloride, 
pH 2 0 

(а) “Irreversibly Denatured Protein ” — ^Denatured protein 
which does not become soluble m molar salt solution after stand 
mg m dilute salt solution at pH 2 0 

(б) "Reversibly Denatured Protein ” — ^Denatured protein which 
becomes soluble m molar salt solution after standmg m dilute salt 
solution at pH 2 0 

"Potentially Active Protein ” — ^Active native protem in the original 
solution plus reversibly denatured protem (» e protem which becomes 
active native protem m dilute salt free acid dunng the analysis) 
“Inactive Protein ’’—Protem insoluble m cold m/1 sodium chloride, 
pH 2 0 after heatmg m salt free acid solution, equals inactive native 
protein plus irreversibly denatured protem 

"Aclivily ” — ^The activity of the solution determined under condi 
tions which prevent reactivation of any inactiv e enzyme (10 a) It is 
measured by the rate of hydrolysis of a standard hemoglobin solution 
and expressed m terms of trypsin units [T U One [T U pro 
duces m 1 minute at 35 5°C m 6 ml digestion mixture an amount of 
color produang substance not preapitated by trichloracetic acid 
which gives the same color as 1 milhequivalcnt of tyrosine (10 6) 
“Potential Activity ” — ^The activity of the solution after standing in 
dilute salt free solution at pH 2 0 Under these conditions the 
reversibly denatured trypsm reverts to the active native form 

A Reversible Inactivation of Trypsin in Alkaline Solution 
1 Effect of pE — If solutions of purified trypsin are heated the 
trypsin is denatured but returns to its native condition upon cooling 
The effect of alkali is similar to that of heat If a senes of solutions of 
trypsm at 0°C are titrated to increasingly alkaline reactions and sam 
pics taken immediately mto cold salt solution at pH 2 3, the denatured 
trypsin protem precipitates The per cent of the protem m this dc 
natured form increases with the alkalinity until at pH 13 0 practicall} 
all of the protein is denatured and inactive If samples are taken 
immediately into dilute salt free aad so that the rcsultmg solution is 
about pH 2 0 and these solutions arc then allow cd to stand for sev eral 
hours, no precipitate appears upon the subsequent addition of salt 
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and the activity of these samples is the same as the origmal total 
activity of the solution The results of an experiment of this kmd are 
shown in Fig 2 in which the per cent denatured protein, as determined 
by analysis, or the per cent loss m activity, as determined by activity 
measurements, is plotted against the pH The figure shows that the 
fraction of the protein present m the denatured form is equivalent to 
the fraction of the activity lost It will be noted that the fraction of 
active native trypsin remaining m solution decreases rapidly on the 
alkaline side of pH 8 0 and follows quite closely the pH activity curve 



Fig 2 Loss in activity and formation of reversibly denatured protein m trypsin 
solutions at various pH and 0°C 

of trypsm-casem digestion The decrease m the rate of digestion of 
protems by trypsm as the alkalmity is increased beyond pH 8 0 is 
evidently due, therefore, to the formation of reversibly denatured 
trypsm This result is direct experimental evidence confirming the 
hypothesis of Michaelis and Davidsohn (5) that the effect of pH on the 
activity of trypsin is due to an equilibnum between an active and an 
mactive form of the enzyme which is shifted toward the mactive side 
as the alkalmity is increased It had previously been found that the 
increase m the rate of digestion of protems by trypsin (6) as the alka- 
lmity increases from pH 5 0 to 8 0 agrees with the assumption that the 
tryp sm reacts with the negative protem ions It is difficult on this 
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basis to account for tbe subsequent decrease m the rate of digestion as 
the solution becomes mcreasmgly albalme The effect of the pH on 
the ionization of the protem together with the present experiments, 
however, furnishes a complete picture of the pH activity curve of 
trypsm In acid solutions trypsin is present m the active form but 
the substrate protem is almost entirely m the form of positive ions 
which are not digested by trypsm As the albalmity mcreases, the 
percentage of substrate protem present as negative ions increases, 
and therefore, the rate of digestion increases As the alkalinity is 
increased still further the percentage of trypsm present m the active 
form begins to decrease Since the rate of digestion is proportional 
to the product of the concentration of negative protem ions times the 
concentration of active trypsm there is a pomt at which this value 
and hence the rate of hydrolysis is a maximum and the position of this 
maximum will depend upon the substrate protem used 
2 Effect of llie Trypsin Concentration —Tbe precedmg experunents 
show that there is an equilibrium between active native and reversibly 
denatured trypsm which is shifted toward the denatured side as the 
alkahnity mcreases beyond pH 8 0 and towards the active side as the 
solution IS made acid In order to determme the nature of this equi- 
librium an experiment was carried out m which the concentration of 
trypsm was varied A series of solutions of different concentrations of 
trypsm were cooled to 0°C and sodium hydroxide added so that the 
final pH of all the solutions was 13 0 The solutions were then 
immediately analyzed for activity by the urea method (Anson and 
Mirsky (10 b)) and also by precipitation in 4/S ii sodium sulfate All 
quot portions of the alkaline solutions were diluted with hydrochlonc 
acid, the pH adjusted to 2 3 and the activity of these solutions de 
termmed The latter method determines the “potential activity” of 
the solution smee under these conditions the reversibly denatured 
trypsm rev erts to the active native form The results of the expen 
ment are shown in Table I, in which the loss m activity has been 
expressed as per cent of the onginal activitj The samples taken into 
and show practically no loss in activity The loss in activity is, there 
fore, reversible The table shows that the results by the urea method 
agree with those by the sodium sulfate method m concentrated solu 
tions In more dilute solution the sodium sulfate method cannot be 
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used since very low concentrations of denatured protein do not precipi- 
tate The table also shows that the per cent denatured is independent 
of the original trypsin concentration It follows, therefore, that the 
reaction native trypsin protein to reversibly denatured trypsin 
protein— -IS of the same order m both directions and may be expressed 
by the relation 



where A and D are the concentrations of potentially active and of 
reversibly denatured protein and (A — D) is native active protein 


TABLE I 

Denatiiration of Various Concenlrahons of Trypsin pH 13 0 at 0°C 


Original concentration of active trypsin (active native protein), 
mg N/ml 

3 83 

0 76S 

01S3 

0 0306 

0 01S3 

Per cent loss m onginal activity 

Urea method 

1 97 

1 96 

1 94 

91 

87 

Sodium sulfate method 

' 95 

1 92 

! (77) 



Per cent original activity recovered 

Hydrochloric acid solutions 

98 5 

96 

98 

99 

95 


Kd IS the equilibrium constant of the reaction Therefore, D = a A 
where 

Kd 

“ 1 -F 

Kd IS a function of the pH of the solution and becomes larger as the 
alkalinity is mcreased 

B Irreversible Inactivation of Trypsin 

The mactivation of trypsm described m the precedmg experiments 
is due to the formation of reversibly denatured protem which is m 
equilibrium with the active native protem If the solutions are al- 
lowed to stand, secondary changes occur and the activity can no longer 
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be completely recovered The velocity of these reactions and the 
nature of the products formed depend upon the temperature and the 
pH of the solution The following experiments descnbe in detail the 
course of the reaction and the products formed under \ arious condi 
tions of pH and temperature Equations have been denved which 
predict the course of the inactivation 
1 Inactivation at CPC and pH 13 0 — ^The results of an experiment 
m which trypsin solutions at pH 13 0 were allow ed to stand at 0°C arc 
shown m Table H There is no change m the total protein but about 
four fifths of the total native protem is changed practically mstantly 
to denatured protem At the same time more than four fifths of the 
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InacttvoUon of Trypsin Sotultons at pH 13 0 and CPC 


TimektO C. 

Total 

proteiD 

Total 

native 

protein 

Activity 

Total 

denatured 

protem 

loacuve 

protem 

PotcBtlsUy 
act ve 
proton 

Potmtlal 

activity 

specific 
activity of 
potentmly 
active protem 

0i{fi 

hlml 

nt 

ff/mi 

[TvfJ 

ft/mt 

A/m/ 

«« 

A /ml 
mf 


I’-t'KIi. V 

0 (control) 

5 96 

wxst 



0 

5 9 

1 02 

0 173 

0 083 

MEi 

1 13 


4 77 

0 90 


0 90 

0 180 

0 167 

IISQ 


0 056 

Km 

0 70 

5 2 

0 88 

0 170 

0 50 



0 098 

4 84 

1 20 

4 7 

0 80 

0 170 

1 00 

5 90 


0 034 

5 OS 

1 85 


0 71 

0 169 

5 00 




5 12 

4 70 


0 24 

0 200 

IS 00 

5 90 



5 23 

S 80 


0 025 

(0 25) 


activity disappears and hence a small amount of inactive nati\ c pro 
tern IS probably formed ‘ The protein is now mostlj in the form of 
reversibly denatured protein which changes rapidly to inactive protein 
and as a result the potentially active protein (active native protein 
present in the origmal solution plus reversiblj denatured protein) 
decreases and has practically disappeared at the end of IS minutes 
At the same time the potential activitj (activity present in the onginal 
solution plus activity recovered in acid solution) decreases in almost 
exact proportion so that the speafic activity of the potentially active 

1 This inacUve nvUv e protein could not be determined b\ direct annli sis in this 
expenment since the soluuon was too dilute. 
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protein remains constant The potentially active protem is deter- 
mined after heating the solution m dilute acid This procedure de- 
natures and removes the mactive native protem, referred to above 
The constant activity of the potentially active protein fraction shows 
that any irreversible loss m activity under these conditions is accom- 
panied by a corresponding loss in either active native or reversibly 
denatured protem 

2 Inactivation at pH 13 0 and 30°C — If the precedmg experiment 
is performed at 30°C instead of at 0°C the total denatured protem is 
changed to mactive protem very rapidly so that the potential activity 
drops to practically zero durmg the first few mmutes while the poten- 


TABLE m 

In activation of Trypsin pH 13 6 {in N/1 Sodium Hydroxide) at 30°C Solutions 
Acidified after Various Times Total Nitrogen = 7 35 Mg /Ml 


Time at30°C 

Potentially 
active protein 

Ammo 

nitrogen 

Non protein 
nitrogen 

Total protem 

Potential 

activity 


N/ml 

mg 


Nlml 

mg 

N/ml 

me 

[ri'lS* 

0 (acid control) 

6 35 


1 0 

6 35 

1 08 

0 pH 13 6 

0 65 


1 8 

5 55 

0 051 

5 mm 

0 45 


2 2 

5 15 

0 

15 “ 

0 45 

0 76 

2 6 

4 75 

0 

1 Slirs 

0 55 

0 90 

3 6 

3 75 

0 

3 5“ 


1 00 

1 



5 5“ 


1 06 

5 3 

2 05 

0 

16 0 “ 

0 45 

1 40 

5 6 

1 75 

0 


tially active protein drops to about 8 per cent of its original value 
(Table III) There is evidently a small quantity of protein which 
appears in the potentially active protem fraction but which is inactive 
This protem (or a similar one) is also found m crude trjqism prepara- 
tions and cannot be separated from the trypsm protem by heat 
denaturation smce it also reverts to the native form on coolmg It can 
be separated from the active protem by repeated fractionation but so 
far it has not been possible to find any quantitative method of separa- 
tion On longer standmg at pH 13 0 the total protem begms to de- 
crease and at the same time there is an increase m the ammo nitrogen 
content of the solution due to hydrolysis of the mactive protem 
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Ktnehcs of the Formation of Inactive Prolan at pB 13 0 — The pre- 
ceding experiments have shown that at pH 13 0 there is an instantly 
reversible equihbnum between active native and reversibly denatured 
protem and that on further standmg the reversibly denatured protein 
IS gradually changed to inactive protem Since D - a A {tf p 598) 
the reaction may be considered to go directly from native to mactive 
protem and the equation for the velocity of the reaction may be wntten 
for dilute trypsm solutions 


2 3 A 

whence Ki = — log — m which A is the potential activity at the time 
/ A 

I This may be wntten 

r- 2 3,1 

Kt logT- 
I U 


where /a = the fractionof the total onginalactivitypresentat 

the time I The results of an experiment at pH 12 8 and 30°C have 
been plotted m Fig 3 where the fraction of the activity present has 

been plotted against the time The In of has also been plotted 

U 

agamst the time and the resulting curve is a straight line showing that 
the equation agrees with the expenmental results The value of the 
veloaty constant is 0 364 per mmute The loss m actmty m this 
experiment is less rapid than m the experiment reported m Table IH 
m which much more concentrated trypsm solution was used Theo 
retically the per cent loss should be independent of the concentration 
and this is true below a concentration of about 1 0 mg protein nitro 
gcn/ml As the concentration is increased above this the reaction 
apparently proceeds more rapidly This effect maj be due to the 
difficulty of mixmg the very concentrated alkali with the trjpsin 
solution 

3 Inactralion in Acid Solution at jtPC — On the aad side of pH 2 0 
the inactivation of trypsm is quite similar to that just described m 
alkaline solution The result of an experiment under these conditions 
IS shown m Table IV There is no decrease m the total protem The 
potential activitv decreases slowly and there is a corresponding 
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TABLE IV 


Inachvaiion of Trypsin in i^/2 Hydrochloric Acid at 30°C Total Nitrogen ^ 1 15 
Mg /Ml Protein Nitrogen = 0 80 Mg /Ml 


Time 

Total protem 

PotentjaUy 
active protein 

Potential activity 

Specific activity 

hrs 

N/ml 

ms 

Nfmi 

ms 



0 

0 80 

0 65 

0 107 

0 165 

1 

(t 

0 58 

0 0940 

0 162 

3 

« 

0 49 


0 149 

5 

u 

0 49 

0 0680 

0 139 

8 

u 

0 47 


0 138 

12 

i< 

0 40 

■TOM 

0 123 

16 

(t 

0 38 

0 0442 

0 126 

20 

« 

0 35 


0 097 

24 

/( 

0 30 


0 085 

32 

u 

0 30 


0 068 

48 

li 

0 26 

0 0068 

0 026 
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decrease m potentially active protein so that its specific activity is 
nearly constant There is again a small amount of protein which 
appears in the potentially active protein fraction but which is not 
active as m the case of the alkalme mactivation The mechanism of 
the reacbon consists m the formation of mactive protein from active 
native protem and may be represented by the same equation as that 
derived for the mactivation m alkalme solution In acid solution no 
denatured protem can be detected butm any case the formulation of the 



Fig 4 Foss in acUvitj of trypsin solutions in ii/2 hydrochlonc aad at 30“C 

reaction is the same The results of an experiment in xi/2 hydrochloric 
aad at 30°C are shown m Fig 4 The fraction of the activity re 
mammg and the In of the reciprocal of this value have been plotted 
agamst the time m hours The logarithmic plot is a straight Ime 
showing agam that the equation agrees with the experimental results 
The value of the mactixation constant Ai m this case is 0 001 per 
minute at 30°C which is less than 1/300 of that at pH 13 0 
4 Inacitvattan of Tr^ pstn from pB Z 5 la pB 10 0 al 30OC — From 
pH 2 0 to 10 0 the mactivation of trypsin at 30°C is accompamcd by 







604 


INACTIVATION OF CRYSTALLINE TRYPSIN 


hydrolysis of the protein and the appearance of non-protem com- 
pounds No denatured protem can be detected m the solution The 
results of an experiment at pH 8 0 and 30°C are shown m Table V 
The decrease in potential activity is accompamed by a corresponding 
decrease in total protein and an increase m non-protem nitrogen In 
more strongly alkaline solutions there is an equilibrium between active 
native and reversibly denatured protem and it follows, theoretically, 
that there must be some reversibly denatured protein present m the 
solution at any pH although it may not be m sufficient quantity to 


TABLE V 


Inactivation of Trypsin at 30°C in m/10 Borate Buffer, pH 8 0 


Tune 

Non protein 
nitrogen 

Total protein 

Potential activity 

Specific activity 

hrs j 

N/tnl 

mg 

N/tnl 

mg 

mSm 


0 

0 30 

0 85 


0 170 

0 01 


0 81 


0 170 

0 1 

0 40 

0 75 

BtIH 

0 179 

0 25 

0 48 1 

0 67 


0 173 

0 5 

0 58 

0 57 


0 184 

0 75 

0 62 

0 53 


0 166 

1 0 

0 63 

0 52 


0 161 

1 5 

0 68 

0 47 


1 0 160 

2 0 

0 69 

1 0 46 

0 075 

0 163 

3 0 

0 71 

0 44 


0 150 

4 0 

0 75 

0 40 


0 145 

5 0 

0 76 

0 39 


0 144 

6 0 

0 77 

0 38 

0 051 

0 139 

23 5 

0 86 

0 29 

0 029 

0 100 


detect experimentally It seems probable, therefore, that the inactiva- 
tion IS due to digestion of the reversibly denatured protein by the 
remainmg active native protem This assumption is confirmed by 
the effect of temperature upon the rate of inactivation The tempera- 
ture coefficient is higher than that usually found for the velocity of 
digestion and agrees approximately with the effect of temperature 
upon the formation of reversibly denatured trypsin (3) According 
to this mechanism the mactivation of trypsm m this range may be 
expressed by the foUowmg reactions 
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1 Active native ttypsm rev ersiblv denatured tr>*psin 

2 Denatured trypsin + acbve native trypsm -• non protein lutrogen + active 
native trypsin (catalytic reaction) 

The first reaction is instantaneous while the second is a tune reac- 
tion The final rate of the reaction depends first, on the degree of 
denaturation which is a function of pH and temperature (2 b, 3), and 
second, on the velocity constant which expresses the rate of digestion 
of the denatured trypsm by the active native trypsin If it be 
assumed that the rate of digestion is proportional to the concentration 
of the active native trypsm as well as to the concentration of reversibly 
denatured protem D, then the rate of hydrolysis of trypsm is 

a t 


where A equals the concentration of potentially active trypsm (active 
native plus reversibly denatured) 

Substitutmg for D its equivalent D •= a A {'p 598) the differential 
equation becomes 

- ^ = K,a (t -a) = /r. /1> 

a I 

which on intergration gives 


or 

“ — 1 “ X, A t where /j ^ ~ (2 o) 

U d 

tVhen/i IS plotted against t the resulting curve is a hyperbola assjanp 
totic to the t axis and mtcrceptmg the axis at /, = 1 
This equation, which is of the bimolecular tyqic, was found to fit 
the experimental data for the inactivration of dilute solutions of tiyqism 
m the range of pH 4 0 to 10 0 to 30°C Buffer solutions kept the pH 
constant during the inactivation penod 
Table VI shows the application of the bimolecular equation (2 a) 
to sev eral cases 
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Fig 5 shows the plotted data for pH 9 0 The smooth curve was 
drawn through calculated values by substitutmg the average value of 

Ki A o = 2 66/hour For comparison the values for In ~ were 

plotted agamst time The logarithmic curve shows clearly that the 
mactivation of trypsin at this pH is not a monomolecular process 


TABLE VI 


Rale of Ivacltvalion of Dilute Trypsin Solution in M/10 Borate or Phosphate Buffer 
Solutions of Various pH at 30°C Initial Activity Ao = 0 0051 [T U ]^[ 
Protein Nitrogen = 0 03 Mg /Ml 


pH 9 6 

pH 90 

pH 7 0 

1 

fA 

KtAo = 
1//a - 1 

t 

B 

KtAo 

1 


K^o 




hrs 



hrs 



5 

0 76 


0 1 

0 82 

2 20 

0 25 

0 93 

0 28 

10 

0 66 


0 2 

0 63 

1 95 

0 50 

0 83 

0 40 

20 

0 53 


0 3 

0 52 

3 07 

0 75 

0 81 

0 31 

40 

0 37 


0 4 

0 47 

2 81 

1 00 

0 76 

0 32 

60 

0 25 


0 5 

0 45 

2 44 

2 00 

0 64 

0 28 

90 

0 145 


0 75 

0 35 

2 48 

4 00 

0 50 

0 25 

120 

0 12 


1 00 

0 27 

2 70 

7 00 

0 37 

0 24 

180 

0 08 


2 00 

0 16 

2 62 

13 00 

0 25 

0 23 

240 

0 06 


3 00 


3 00 

23 00 

0 15 

0 25 

Average 0 057/nim 

Average 2 66/hr 

Average 0 26/hr 


iT, = 


0 057 


= I 9/mm per 
0 03 ^ 

mg protem mtrogen/m] 


2 66 


• = 1 5/inm 


60 X 0 03 
per mg protem mtrogen/ml 


TTj = 0 16/min per mg 
protem mtrogen/ml 


fA. — fraction of potential activity (ongmal activity plus activity recovered in acid solution) 


5 hiachvahon of Trypstn from pM 10 0 to 12 0 — From pH 2 5 to 
10 0 the mactivation of trypsm is due to destruction of protein and the 
appearance of non-protem nitrogen while on the alkalme side of pH 
12 0 the mactivation is due to the formation of inactive from active 
protem The first reaction is bimolecular, the second monomolecular 
In the mtermediate range of pH between 10 0 and 12 0 part of the 
protem is digested and appears as non-protem nitrogen and part of it is 
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transformed to mactive protein The pH at which the formation of 
mactive protein becomes significant depends on the temperature As 



Fig S Calculated and observed loss in activity of trvpsm solutions in u/10 
borate buffer pH 9 0 and 30®C 


TABIE Vn 


InacUvalion of Trypsin pU 9 0 at (TC Total Nitrogen —6 90 Jlfg /Jff 


ITme 

Nod protdn 
utrogen 

Tout 

protein 

Inactive ' 
protein 

PoleniJally ' 
active protein 

rotenUal 1 
activity 

Specific 

activity 

n n 

A /ml 
mg 

y/mi 

mg 

/f/ml 1 



V 

0(control) 

0 80 

6 10 

0 


1 04 

0 170 

0 OSS 

0 85 

6 05 

0 45 1 


0 97 

0 173 

0 167 

0 90 

6 00 

1 00 ' 


0 87 

0 170 

0 500 

1 00 

5 90 

1 70 

4 20 

0 71 

0 169 

1 00 

1 20 

5 70 

2 50 

3 20 

0 S3 

0 171 

5 00 

2 20 

4 70 

2 40 

2 30 

0 39 

0 170 

15 00 

4 OS 

2 85 

0 50 


0 39 



the temperature is lowered the rate of digestion decreases more than 
the rate of formation of inactive protein and inactive protein accumu 
fates m the solution, thus, at pH 9 0 and 30°C no inactive protein 
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appears m the solution and the reaction is purely bimolecular, while 
at 0°C inactive protein accumulates in the solution and the equation 
for the reaction is the sum of a mono- and bimolecular equation The 
high temperature coefficient of the digestion reaction is due to the fact 
that the velocity of this reaction is determined by the equihbrium 
between active native and reversibly denatured protem This 
equilibrium constant has a high temperature coefficient (3) and the 
eqmlibnum is shifted to the denatured form as the temperature is 
mcreased The results of an experiment done at pH 9 0 and 0°C are 
shown in Table VII The total protem decreases rapidly and mcreas- 
mg quantities of non-protem nitrogen and mactive protem are formed 
The potentially active protem, therefore, decreases more rapidly 
than the total protem The specific activity of the potentially active 
protem remains constant The mechanism of the reaction consists 
m the formation of inactive protem (as discussed under No 1) which 
IS a monomolecular reaction and the digestion of denatured protein 
(discussed under No 4) which is a bimolecular reaction The inactive 
protem is also subsequently hydrolyzed and its concentration, there- 
fore, goes through a maximum This is a secondary reaction and does 
not affect the kmetics of the inactivation of the original trypsin solu- 
tion The entire process, therefore, may be represented by the follow- 
mg differential equations 

1 Active native tiypsin — ‘ inactive protein (monomolecular) , » e , 


2 Active native trypsm reversibly denatured trypsin and active trypsin + 
denatured trypsm = non-protem mtrogen + active trypsm, (bimolecular) , le , 

- —~ = 

a t 

The rate of the complete process then is the sum of the rates of both reactions 


dA 

- —~ = KiA+K2A'^ 
d t 


01-^ = KiU + KiAofl 
a I 


which on integration becomes 


2 3 log 


Ki -j- Kj Aq/a 

(Ki -f- Ki Ao) Ja. 


= K,t 


(3) 
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The values for Ki and Kt can be obtained from two points Approxiinate values 
for Ki and Aj can be obtained as follows 
The differential equation 

+ /} 

a t 


can be wntten as 


di 




u 


Hence 


dln/x 


■ Ai + At if 


as /a approaches I 0 


and 

d In/i , ^ ^ 

— — — ■ «» Ai as/4 approaches 0 
d i 

Thus, if the values of In l//x are plotted agamst the tune, the slope of the curve at 
f-Oisfti + ivtdo and the slope at ( = a is Ai 

The reaction is of this type at dO'C even at pH 12 0 The results 
of anexpenmentatpHll 7and30'’C calculated m this way are shown 
m Table VUI and are plotted m Fig 6 The calculated v alucs for 
( agree very well with the observed values 
Effect of the Concentration of the Enzyme Solution — ^Tho preceding 
evpenments were earned out with dilute trypsm solutions and under 
these conditions the equation agrees very wrell with the cxpenmental 
results However, when more concentrated solutions were used the 
agreement was not satisfactory The calculated bimolecular constant, 
As, decreases as the process proceeds mdicating that somethmg hap 
pens which decreases the rate of digestion A sunilar phenomenon is 
well known m relation to the kmctics of the hydrolysis of ordinary 
proteins by trypsin In this case the reaction should be monomolccu 
lar but actually the monoraolccular constant decreases quite rapidly 
with time This anomaly can be quantitativ ely explained by assum 
mg that the products of digestion form an easily dissoaaled compound 
with the active enzyme, i c , enzyme plus products equals enzyme 
products The complex of enzyme and products is inactive hut the 
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TABLE Vin 


Inactivation of Trypsin pH 11 7 at 30° C Initial Activity = 0 0054 [T U ]^f 

Application of Equation 3 


i. Ijj Hi AofA 

Ki fKi + Ki Ao)fA 


Kx = 0 012 KiAo^OOl 


Time 


K unimolecular 

K bimolecular 

Observed 

Calculated 


Equation 1 

Equation 2 

mn 

5 

nttn 

4 1 

0 84 


1 2 

8 

10 0 

0 65 


2 1 

10 

12 0 

0 60 

0 051 

2 1 

IS 

14 0 

0 52 

' 0 043 

1 9 

20 

20 0 

0 45 

0 040 

1 9 

25 

24 0 

0 40 

0 037 

1 9 

60 

75 0 

0 137 

0 033 

3 1 

120 

125 0 

0 062 

0 023 

3 9 



20 40 (O bO 100 120 140 

Minutes 

Fig 6 Calculated and observed values for the loss m activity of trypsin at pH 
11 7 and SO^C 


per cent of the enzyme present m this form depends upon the concen- 
tration so that when a solution is diluted the compound dissociates 
and the enzyme agam becomes active This mechanism has been 
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checked expenmentally for both the digestion of proteins by trypsin 
(7) and for the inactivation of trypsin (8) by the addition of the prod 
nets of digestion to the solution Evidently such a mechanism 
would account qualitatively for the results observed m the present 
case since it would predict that the rate of digestion would become 
slower as the process contmued and also that the effect would be more 
noticeable in concentrated than in dilute solution If this mechanism 
IS taken mto account the mactivation of more concentrated trypsm 
solutions may be satisfactorily calculated Tbc equation derived, 
however, contains two arbitrary constants so that the agreement with 
the observed data is not very convmcmg Tbc derivation is somea hat 
long and complicated and does not appear to be of suiSaent mterest 
to report m detail 

Experimental Methods 
A Material 

The matenal used was crystallme trypsin prepared from beef 
pancreas, as previously described (2 a) The trypsin was freed from 
ammonium salts either by washmg the crystallme filter cake with a 
saturated solution of magnesium sulfate or by dialysis at S°C of a 
solution of trypsm agamst n/ 200 hydrochloric acid The methods of 
analysis described apply only to such a solution of punfied trypsm 
They cannot be apphed to solutions contammg ammonium salts nor 
to solutions of crude trypsm contammg large amounts of mactive 
protem 

S Methods of Analysts 

All values for protein materials arc expressed m terms of their nitro 
gen content 

J Total Protein Nitrogen — S ml of solution added to 5 ml S per 
cent tnchloracetic aad and the suspension heated for 5 mmutes at 
7S°C and cooled The suspension is filtered on hardened paper and 
the prcapitate v ashed with 2 5 per cent tnchloracetic aad The 
preapitate is then washed with water into a Kjcldahl flask and the 
total mtrogen determmed (9) Tbc supernatant solution may be 
analyzed for nitrogen and the protein mtrogen calculated by difference 
from this figure and the total nitrogen content of the solution 
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2 Total Denatured and Total Native Protein — 1 ml solution added 
to 4 ml m/ 1 sodium chloride^ and centrifuged 

Preapitate Total denatuied protein 

Supernatant Total native protein 

3 Potentially Active Protein and Inactive Protein — Solution diluted 
to < 0 05 M salt concentration, titrated to pH 2 0, heated to 80°C 


TABLE IX 


Denaturation of Trypsin pH 13 0 in N /2 Sodium Hydroxide at 0°C Total Nitrogen 
= 73 Mg /Ml 1 Ml Added to 4 Ml of Various Salt Solutions 


Salt solution 

Sodium chlonde 

Sodium sulfate 

Magne 

Slum 

sulfate 

Concentration 

2 5 u 

20m 

1 S M 

10m 

m/1 

3/4 M 

m/2 

m/4 

m/ 8 j m/16 

1/2 satu 
rated 


Preapitate m all 


Total N in filtrate, 
mg 

2 3 

2 3 

2 6 

3 8 

2 3 

2 1 

2 6 

4 1 

5 8 

6 9 

2 4 

N in preapitate by 
diflterence, mg 

5 0 

5 0 

4 7 

3 5 


5 2 

4 7 

3 2 

1 5 


4 9 


for 1 mmute, cooled to 20°C 1 ml 5 M sodium chloride added to 5 ml 

of solution and centrifuged 

Preapitate Inactive protein 

= Irreversibly denatured plus inactive native protein 

Supernatant Potentially active protein 

= Active native plus reversibly denatured 


^ The value obtained for the total denatured and total native fraction by the 
method outlined is independent of the nature and concentration of the salt solution 
used over quite a wide range This is shown m Table IX which summarizes the 
result of an experiment m which the denatured protem was preapitated by sodium 
chloride, sodium sulfate or magnesium sulfate As the table shows, the quantity 
of denatured protem preapitated was the same for all three salts m the higher 
concentrations The solutions were also analyzed by means of activity detemuna- 
tions as summarized m Table IV 
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Activity Dclenmmttons 

The activity was determined by the hemoglobin method (10 b) 
Commeraal hemoglobin was used The speafic activity of crystalline 
trypsin was found to be 0 17 [T U p n 
T he results were checked occasionally by other methods such as 
casein digestion or gelatin viscosity (11) The per cent inactivation as 
detenmned by the vanous methods agrees, as shown in Table X 


TABLE X 

Comparison of Vanous Methods of Measuring Loss tn Activity of Trypsin Solution 
pB 6 S on Standing at Sff^C 


Method 

DlKcsboQ 

olcucln 

Visew ty 
of ccIaUo 

Hmoglohfn 

Per cent activity lost after 0 5 hr 

34 

37 

40 

1 0 

4a 

48 

46 

2 0 hrs. 

52 

53 

55 

4 0“ 

63 

58 

58 

5 5 

69 

69 

66 


Methods 

1 Activity of the Solution — 

(a) Urea Method — 1 ml of the solution added to urea solution and 
the activity detenmned as desenbed bj Anson md hlirsky (10 a) 

{b) Precipitation — 1 ml of solution precipitated with salt as for 
total denatured protein and activity determmed on the supernatant 
fluid 

The results of these tno methods agree, as Anson and Mirsky have 
shown, and as has been confirmed dunng the course of this vork 

2 Potential Solution diluted to < 0 OS M salt concentra 

tion, titrated to pH 2 0, kept at 20'’C for 1 hour and activity deter 
mined 

Most of the analytical determmations reported in this paper vere 
done by Miss Margaret McDonald 

SUMMARY 

1 The rate of inactivation of crystalline trj-psin solutions and Uic 
nature of the products formed during the inactivation at vanous pH 
at temperatures below 37°C have been studied 
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2 The inactivation may be reversible or irreversible Reversible 
mactivation is accompanied by the formation of reversibly denatured 
protem This denatured protein exists in equilibrium with the native 
active protem and the equilibrium is shifted towards the denatured 
form by raismg the temperature or by mcreasing the alkalinity The 
decrease m the fraction of active enz3nne present (due to the formation 
of this reversibly denatured protem) as the pH is mcreased from 8 0 to 
12 0 accounts for the decrease in the rate of digestion of proteins by 
trypsm m this range of pH 

3 The loss of activity at high temperatures or m alkalme solu- 
tions, just described, is very rapid and is completely reversible for a 
short time only If the solutions are allowed to stand the loss m 
activity becomes gradually irreversible and is accompanied by the 
appearance of various reaction products the nature of which depends 
upon the temperature and pH of the solution 

4 On the acid side of pH 2 0 the trypsin protein is changed to an 
mactive form which is irreversibly denatured by heat The course 
of the reaction m this range is monomolecular and its velocity increases 
as the acidity increases 

5 From pH 2 0 to 9 0 trypsin protem is slowly hydrolyzed The 
course of the mactivation m this range of pH is bimolecular and its 
velocity increases as the alkalinity increases to pH 10 0 and then 
decreases As a result of these two reactions there is a pomt of 
maximum stability at about pH 2 3 

6 On the alkaline side of pH 13 0 the reaction is similar to that m 
strong acid solution and consists in the formation of mactive protein 
The course of the reaction is monomolecular and the velocity mcreases 
with mcreasmg alkahnity From pH 9 0 to 12 0 some hydrolysis 
takes place and some mactive protem is formed and the course of the 
reaction is represented by the sum of a bi- and monomolecular reaction 
The rate of hydrolysis decreases as the solution becomes more alkaline 
than pH 10 0 while the rate of formation of inactive protein increases 
so that there is a second pomt at about pH 13 0 at which the rate of 
inactivation is a minimum In general the decrease m activity under 
all these conditions is proportional to the decrease m the concentration 
of the trypsin protem Equations have been denved which agree 
quantitatively with the vanous inactivation expenments 
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ON NORRIS’ THEORY FOR THE SHAPE OF THE 
MAMMALIAN ERYTHROCYTE 

Bv ERIC BONDER 

{From the Department of Btology^ Washington Square College Now 1 orh University, 
Nolo i orh) 

(Accepted for publication November 22, 1933) 

Noms m 1882, Rice m 1914, Gough m 1924, and several others, have 
commented on the smulanty between the shape of the mammalian red 
cell and that of the “myelm forms ’ which are assumed by droplets of 
lecithm m water These latter are described as arcular discs, dumb- 
bell shaped in cross section, and varying in diameter from Sfi to 10;i 
They are apparently produced b> physical forces at work at the 
interfaces betw een the leathm droplets and the fluid surrounding them 
and Noms, Rice, Gough, and others have suggested that the biconcave 
shape of the mammalian red cell is brought about in a sunilar way 
Thus, as Gough puts it, there arc two sets of forces operating the 
first of which tends to produce contraction of the surface and th<. 
spherical form, and the second of which tends to bring about expansion 
of the surface and a very flattened form balanced against each other 
these two sets of forces mamtain the typical discoidal form 

At one time (1926) this idea was very nttractiv e to me, and with the 
help of Professor C G Danvm I tried to put it mto mathematical 
form The result was, and is, disappointing, but it is suggestive, and 
so I have dcaded to publish it, not because it means v ery much as it 
stands, but m the hope that by an elaboration or modification of the 
idea Noms’ theory may ultunately be expressed in quantitativ e terms 

I 

The red cell, bemg invested with a membrane and containing fluid 
inside, is presumably in hy drostntic equilibrium, i e , 

P - m/n + l/«) (1) 

where P is the net pressure acting on a component of membrane which 
has tension T, and where pi and p- are the prinapal radii of curvature 
617 
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of the element It is clear that if the tension is uniform we shall need 
to suppose different pressures applied at different points along the 
membrane if we are to get the required discoidal form These could 
be evaluated by ffndmg pi and pz graphically from a drawing of a 
cross-sectional view of the cell, but it simplifies matters considerably 
if we replace this cross-sectional view by a figure constructed in the 
following way 

D 



Fig 1 To illustrate the method of approxunatelv outlining the red cell in cross- 
section, as explained in the text 

Draw a Ime AB whose length (conveniently 10 scale units) represents 
the diameter of the cell With centers 0, P, draw two circles whose 
radii = ri = OA = OB are each half the greatest thickness of the cell 
With centers on a Ime CD, bisecting AB, draw two other circles which 
touch the first two without cutting them and which at the same time 
pass through the pomts on CD corresponding to the least thickness of 
the cell Let the radii of these latter circles be rs The figure bounded 
by the arcs of the smaller circles outside the pomts of contact and by 
the arcs of the larger circles mside the pomts of contact then very 
closely approximates to the form of the cross-section of the cell, at 
least m the case of all animals for which we have measurements (see 
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Fig 1) The form of the figure, moreover, is determmed by only 
three measurements, tus the diameter, the greatest thickness, and the 
least thickness, and if we have nfn = k, the value of this constant is 
approximately S 3 for the cells of man, 7 9 for the cells of the rabbit, 
and 3 1 for the cells of the sheep (see Ponder, 1930) If this approxi 
mation to the cross section revolves about CD, a solid of revolution 
which approximates to the erythrocyte is formed, and it is unnecessary 
to pomt out that not only can pi and p. be easily found for all points on 
the surface, but that the volume and area of the resulting solid of 
revolution are easily calculable 

Takmg the erj'throcyte of man drawn on such a scale that the semi 
diameter = 10 units, and evaluating the curvaturca ne get the follow 
mg figures, which, of course, are to be regarded as approximations 
only 


UniU 



P 

0-6 1 

-IS 2 

-15 2 

-0 13 

6 1 


Pomt of mHexiOQ 


7 0 

+2 8 


+0 36 

8 0 

+2 8 

+28 2 

+0 40 

9 0 

+2 8 

+14 2 

+0 43 

10 0 

+2 8 

+10 0 

+0 46 


Plotting the values of P, we get Fig 2, Curve a, which, although it 
does not show the values of P accurately, shows them to the same 
degree of approximation as the above system of circles provides us 
with a figure of the shape of the cell In the same figure. Curve b, 
I have dotted in what is probably more nearly the correct curv e It 
thus appears that we would have to unagine a pressure directed out 
wards over the equatorial regions of the cell, and a smaller pressure 
directed inwards over the biconcavities, if we were to account for the 
biconcave shape in this way 

The idea that such pressures really exist is, of course, untenable, 
but the “outward pressure over the equatorial regions" is the same as 
Gough’s idea of an expansive force (which Gough even went the 
length of attnbuting to an oriented repulsion of the pigment molecules 
in the cell intcnor) The reader wall easily grasp the similarity if he 








620 


MAMMALIAN ERYTHROCYTES 


imagines a spherical balloon subjected to an outward pressure along 
the equator The volume must remain constant, and so the extension 
of area is accompanied by the sphere becommg somewhat hke a 
spheroid, and the more eccentric this spheroid is, the greater is the 
area/volume ratio But, even when this eccentricity is very great we 
can still get a greater extension of area for the same volume by ailow- 
mg the flattish surfaces of the spheroid to become biconcave, m fact, 
we can get almost any area/ volume ratio we like, j e , the form of the 
body can be so adjusted as to allow for almost any degree of expansion 

P 



Fig 2 Ordinate, arbitrary pressures acting normally to the membrane ab- 
scissa, umt distances along the semidiameter The full curve shows the figures 
given m the table of the text the dotted curve gives the values obtamed bv an 
analysis of the curve which represents the actual cross-section of the cell 

of the area without any alteration of volume But m so manipulating 
the form, we have to remember the condition for hydrostatic equi- 
librium, and It is clear that the best form will be one which has 
the desired area/volume ratio and which has at the same time a 
mmimal value for 

/(l/pi-H/pj)dp (2) 

Let us see what happens when we try to put these ideas mto math- 
ematical form 
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We require 

/ ix = constant 
1 2jryV^r+ >■* ^ constant 
and / (1/pi 4- l//n) dp a minimum 
Converting pi and pa to Cartesians, and vaiying 


■/ (®Jf - ,ff|, + = ^ 

4- y (t + y*)’ Vl + y’Jj 

*}’’{& (rf?) * rtj * i (o^') + “>+>■ 


The differential equation is 


f y 

2yy, 

-1- 

hi- 

( 2v>y \ 

\n-P 

(1 + PPJ 

^1+3* 


1^(1 -h 


If j = 0 IV hen a: = xt, xi the boundary terms go out, and the differen- 
tial equation becomes 

2y . . >* 1*1? _ n 

(1 -1- !»)■ ^ vTT? a + I’V'" 

Putting 1 -1- j’ = a~', and u = « s succcssivel) , this reduces to 

iJ — 2pwy ~ X}^ a constant 


Call the constant 0, then 
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This has to be solved to give the required form If at v = xo, Xi, y = 
0, y = a;, then 0 = 0 and the solution is a sphere The expression 
thus verifies If y is finite at a- = Xo, Ai call it Then ^e have a 
body with points on it Proceeding with this case, or = —1 - 1/0 
For > 0, 0 < 0 and — 1/0 > 1, so 0lies between 0 and —1 
If y IS real when y is real, y- > e/{fx‘ + \), ^ e , for a real form we 
require > \ Further, when y = x,y- = 0/X, and for this to have 
real roots X must be negative for 0 is negative 
The values of the constant bemg thus limited, the differential 
equation may be solved in the following way Arbitrary values withm 
the proper limits, are given to /i, X, and 0 Values of y are then m- 



B 


Fig 3 The cross-section of the sohd of revolution described in the text 

serted in the differential equation and y solved for We can then 
tabulate y = /()') and a. = f(y) and can plot values of x against y 
From this plotted curve we then obtain 

* = f(y) dy 

by graphical mtegration between suitable lunits 
The best result which can be obtained is shown in Fig 3, and for 
this curve the constants have the values X = — 0 5, = 0 72, 0 = 

—08 This curve, if rotated about its minor axis, gives the solid of 
revolution which is of the form required by the initial conditions I 
scarcely need to pomt out that the form is suggestive of the shape of 
the mammalian erythrocyte 

But suggestive as the form may be, it represents an impossible 
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State of affairs, for it has points on its surface, and at these points the 
tensions n ould be infimte If one feels inclined to round off the points, 
one has to remind one’s self that by doing so one brings the whole 
proof to the ground It is for this reason that I refer to the result as 
disappointing and meaning very little But the fundamental reason- 
ing IS sound what has gone wrong is that t\e have had to put y = 0 
when X = Xa, Xi in order to obtain the differential equation IVhat \\e 
need to do is to put, not two points, but tuo finite curvatures on the 
surface, or, better, to put four pomts on the surface, one about the 
imddle of each quadrant of arc, and then to replace them by finite 
curvatures In fact, we have to deal with a real membrane with physi 
cal properties mstead of with a mathematical surface I am assured 
that this IS beyond the powers of existmg analysis Nevertheless the 
reader has only to refer to Section I in order to see that there is a 
problem to be solved, and to re read Section II in order to sec that its 
contents represent an abortive attempt to solve it 

m 

Supposing Noms’ theory to be substantially correct, it is interesting 
to consider the kmd of system to which it could appl) The theory 
demands only one condition, n: that the surface of the cell shall 
exceed the minimum surface for the enclosed volume, and therefore 
there must be an “expansive force” operating somewhere This 
force IS often referred to as a “force of negative surface tension” wath 
out an> clear idea as to how it is developed, we shall therefore con 
sider It m some detail 

1 Consider first a drop of a homogeneous fluid in another homo 
gencous fluid Surface tension forces act at the interface so as to 
bnng the surface to a rmmmura for the enclosed volume, and the form 
of the drop is that of a sphere The surface tension forces, however, 
are opposed by forces within the drop, whicli suffers a certain com 
pression as a result of the operation of the surface forces, the latter are 
therefore opposed bj an expansive force acting cquallj in all directions, 
and due to the fact that the molecules of the drop resist compression 
The most familiar evidence of the existence of this expansive force 
IS that the volume of the drop increases if the surface tension falls and 
that tlic vapor pressure inside the drop exceeds that outside it by 2ff/r 

2 Next take an imaginary case in which the molecules of the drop 
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repel each other in one direction more than m another The result 
of such a state of affairs would be a greater pressure m one direction 
than m another, e g along an equator, and a flattening of the droplet 
with an mcrease of the surface above the minimum for the enclosed 
volume Here agam the forces of surface tension would be operatmg 
agamst an expansive force generated by a repulsion of the molecules 
of the drop The difference between this case and that immediately 
above would be that the surface would be the minimum for the en- 
closed volume m case 1, and m excess of the mimmum m case 2, but 
this would not be due to the latter system bemg subjected to a force 
essentially different from that acting in the former The expansive 
force would be present in both, but m the latter it would act to a 
greater extent m one direction than m another, while m the former it 
would act equally m all duections 

The idea that the molecules m the cell mtenor repel each other to a 
greater extent m one duection than m another is precisely Gough’s 
modification of Norris’ theory It is not impossible m itself, for quite 
a number of fluids exist m a mesomorphic state The mesomorphic 
state, however, is usually most manifest at surfaces, and so we can go 
on to consider the next case 

3 Suppose that we have a cell membrane mvestmg a homogeneous 
drop the whole floatmg m a homogeneous fluid The molecules of the 
membrane are constramed to remam m its plane, and, if they repel 
each otlier, the repulsive force will act m this plane The force of 
surface tension, actmg at the mterfaces at the mside and at the out- 
side of the membrane, will tend to produce the smallest surface for the 
enclosed volume, but wiU be opposed by the repulsive, or expansive, 
force just mentioned, the nature of which is essentially the same as it 
IS m cases 1 and 2 Equihbnum will be reached when the surface 
forces are balanced by this expansive force, and at equihbnum the 
free energy will be at a mmimum, although the surface may not be the 
minimum for the enclosed volume ^ 

^ This idea can be illustrated by a sunple analogy Consider a steel spring 
Work has to be done to extend it, and also to shorten it, and in its uncompressed 
and unexpanded state the free energy is at a minimum The fact that minimal 
free energi corresponds to a certam length of the spnng is determined bj the 
structure of the metal, and the theori nhich deterrmnes what this length must be 
IS one which deals with molecular structure 
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In each one of these cases the expansive force has the same origin, 
ms molecular repulsion m the body of the drop or m its surface mem 
brane, and the only difference between case 1 and cases 2 and 3 is 
that m the latter the force does not act equally m all directions It is 
exceedmgly unfortunate that this expansive force has come to be 
known as a force of negative surface tension, when the only thing 
which it has to do with surface tension is that it opposes the latter 
The term "negative surface tension” has led to a confusion of ideas 
which, in turn, leads to most misleadmg results, as an extreme instance 
of which I may mention Volkonsky’s revision of the physical theory of 
phagocytosis (see Volkonsky, 1933, and Mudd, 1933) 

Norris’ theory thus demands that there be a mutual repulsion be- 
tween the molecules situated m the red cell membrane It is not 
difficult to see how such a repulsion might arise, for hydrocarbons 
with a polar group directed towards the water {COOK groups, for 
mstance, as m lecithm) rmght be mutually repulsive Reference to 
Section I and to Fig 2, will show, however, that the tensions along 
the membrane must vary from place to place (if the pressures are the 
same), and so we find that Noms’ theoryalso demands that the (molec 
ular) structure of the membrane shall not be homogeneous This is 
tantamount to saymg that the membrane has a “liquid ci^-stal” 
structure If so, the membrane cannot be made up of a homogeneous 
fluid ’ 

This hypothesis, vis that the red cell membrane has a special molec 
ular structure, is not one which can be rigorously tested at the present 
time Some light may be throwu on it, however, by considering the 
conditions under which the special shape of the erythrocyte is changed 
(a) When the cell is acted on by Ijsins the molecular structure of 
the membrane is presumablj broken down Under such arcum- 
stances the cell always becomes sphcncal (Tor a description of this 
and other changes m form, see Ponder, 1934 ) 

*This idea as opposed to the idea that the membrane is a region in ^^hIch 
monomolccular films exist is quite in keepmg ^nth the little vihich ^e knon about 
the structure of cell membranes, Faurfe Frcraict, in particular has shomi that the 
pctaloid ' pscudopodia of l>'mphoc>lcs arc composed of films not unlike those of 
soap films in ivhich the molecules arc arranged in groups of \'arjing thicknesses 
and not m monola\crs A complicated liquid cn'stal structure of the cell 
membrane is therefore less unlikclj than it appears at first sight 
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plotting the cross section between the limits of +x and — j-, and then 
applying Founer anal>sis The short method given by Whittaker 
and Robinson (1929, p 271) is sufficiently accurate 
Owing to the symmetry of the curve, the coefficients of the sme 
terms are zero, and the senes turns out to be 

U * dtf + fli cos * + cos Zt -f- oj cos Zx 


The followmg table gives the values for the coefficients for the cells of 
man, the rabbit, and the sheep, these bemg the only animals for which 
we have fairly rehable measurements 



s. j 


a 

At 

Man 

33 7 

-1 0 

-16 2 

-9 S 

Rabbit 

30 3 i 

-4 0 1 

-10 2 1 

-8 S 

Sheep 

49 0 

-8 0 1 

-20 3 

-9 5 


The curve given by this senes fits the cross section of the cell almost 
to perfection The empincal expression has, of course, neither 
theoretical significance nor immediate practical importance, nor does 
It offer any advantage m the calculation of either area or volume, but 
It may prove to be excccdmgiy useful when the time comes for a 
detailed investigation of changes m shape of the red cell under vanous 
conditions, especially as the standard errors of the Founer coeffiaents 
are known if the standard errors affectmg the data arc knoivn, as they 
would be m practice 

SOStMARV 

This paper is concerned inth an attempt to put Norris' theory {or 
the shape of the mammalian erythrocyte into a quantitative form 
The theory supposes that the biconcave form of the cell is brought 
about by an expansive force enlarging the surface, and is also supposed 
to apply to the formation of the myelin forms of leathn The attempt 
IS not successful, and is published merely because it is suggestive 
Vanous points regarding the shape of the cell, the curvature of its 
surface, and the kind of system to which Noms' theory might be 
supposed to appl), arc discussed, and an empincal formula is given 
for the curve which bounds the cross section of the cell This empin 
cal formula desenbes the shape almost to perfection 
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THE POTASSIUM EQUILIBRIUM IN MUSCLE 

Bv WALLACE O FENTJ and DORIS it COBB 
(From Ihe Department of Physiology the School of hfedtctne and Dentistry of The 
Umrersity of Rochester^ Rochester, NY) 

(Accepted for publication, December S 1933) 

Considenng the enormous amount of work which has been done in 
an effort to unravel the phj siolog> of muscle it is surprising that 'o 
httle IS known concerning its physicochemical organization, which is 
quite as fundamental to an understanding of its function as isits histo 
logical structure According to our present imperfect understanding, 
as outlined particularly by Mond and Netter (1930, 1932), the potas 
Slum in muscle is largely inside the fibres where it is 30 to 40 times as 
concentrated as in the tissue spaces All of this potassium inside the 
muscle must be in solution if the osmotic pressure inside is equal to 
that outside (liGll and Kupalov, 1930) IVhen the muscle is injured or 
dies potassium escapes The potassium inside, Ki, is in equilibrium 
with the potassium outside, K,, so tliat when K. is increased Ki also 
increases and when K, decreases K) likcwasc decreases The equi 
libnum concentration of potassium outside is 13 mg per cent The 
muscle is believed to be permeable to cations as small as potassium 
but impermeable to sodium, which, because of its hj drated ion, is too 
large to pass the pores of the membrane In consequence of its nega- 
tive charges the membrane is impermeable to anions The chloride 
of the muscle and an equivalent amount of sodium is believed to be in 
the tissue spaces because it is so readily remo\ ed bj isotonic sugar, 
while the excess of sodium over chlorine is possiblj combined m the 
surface of the fibres in some waj According to the theorj of Mond 
and Netter the diffusion of potassium across the membrane in eitlier 
direction as a result of a disturbance of the cquihbnum will tal e place 
by exchange with hydrogen ions Or, tlic potassium might diffuse m 
or out as undissoaated KOH as suggested by Osterhout’s theorj (1930) 
On cither theorj the potassium change and the acid base change 
should be equal The followang experiments were designed to test 
629 
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this relationship and to learn more concerning the changes in potn';- 
sium concentration which can be produced cxpcnmentall} 

The general scheme of the experiments as finally worked out was to 
soak thin sartorius muscles of the frog in isotonic solutions of \ ar} ing 
compositions and to analyze matched muscles before and after the 
treatment for their contents of potassium and other ions We pre- 
ferred this simple technique, after trjung the perfusion method of 
Mond and Nctter, because it gave, in our hands, more uniform results 
and was much easier and quicker Diffusion was of course slower, 
but the changes produced in 5 hours are easily measurable, and it is 
difficult to perfuse two frogs in a comparable manner, to be sure that 
e\eiy- muscle in the frog is equally irrigated, and to know the exact 
w eight of muscle tissue involved in the exchange of ions 

Method of Aitalysis 

The muscles were placed in small covered platinum crucibles m an electric 
oxen oxcmight and were thus reduced to a white ash Known amounts of pons 
Slum submitted to the same procedure showed no loss The oxen tcmpentiirt 
did not exceed 6S0°C and attained this figure onlx after 3-4 hours This is the 
method recommended bx Ernst and Barasits (1929) The anaixsis of the adi 
was earned out b\ the platinic chlonde prcapitation as desenbed b\ Shohl and 
Bennett (192S) 

Two drops of n/ 1 hxdrochlonc aad and 0 3 cc phtinum clilondc (10 per cent) 
xxerc added to the ash in the crucible and muxed thoroughly, 5 cc absolute alcohol 
were added, and the mixture xxas allowed to stand for 20 minutes Then the 
cniablc xxas transferred to a Jena glass filter funnel in a suction flask and inverted 
Preapitatc, filter, and crucible were washed on the filter four or five times with 
alcohol saturated xxith KiPtCh, and then three or four times wath 10 per cent 
KCl, al=o saturated with K;PlCh The funnel v as transferred to a clean suction 
fiasl , and the funnel and crucible washed wath 10 or la cc of hot water, then 
with I cc of 2s KI and more hot xxatcr, the final volume being 25 or 30 cc The 
fla4 X as incubatcfl •'t 65'C for 10 or 15 minutes and titrated hot v ith Na 
(about 0 005 ii) from a micro burette calibrated to 0 02 cc The tedinique x 
chedetl b\ •’n an'>K>-:s of a kno.m «:olution each dax The anah'^e-. tre rot 
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are crpressed as reaprocals of the pnman current or ohmsAolt The current 
was regulated b> a variable resistance. Onl> at ver> low resistances did this 
method lead to difficulties on account of the vanable electnc resistance of the cell 
Itself 

The pH of the solutions was checked by use of a quinh^ drone electrode using 
0 05 u potassium phthalate as standard 

The muscles were handled b> a thread tied to the tendon The> were exposed 
to 100 cc. of the solutions in 250 cc Erlenine>er flasks m a water bath at 22 C 
The flasks were fitted wnth two hole rubber stoppers and two tubes, one reaching 
to the bottom for use m equilibrating the mixture wnlb 5 per cent COa or other 
gas mixture The CO was measured into a spirometer from a burette and the 
final mixture chedvod bj gas analysis Unless stated to the contrarj 2 II the solu 
tions contamed ii/150 phosphate buffers, CaCl 0 02 per cent, and NaCl 0 65 per 
cent The NaCl content was decreased to compensate for large amounts of KCI 
or NaHCOj added to attain the desired pH m the presence of CO 2 

RESULTS 

Normal V artaltons tn Potassium Content — Over a thousand sartonus 
muscles have been analyzed for potassium dunng this mvestigation ‘ 
Some of these analyses were done in matched untreated muscles 
merely to test the accuracy of the technique In one senes, cle\cn 
pairs of scmitcndinosus muscles were analyzed The results for U\o 
of these pairs differed by 15 and 23 per cent respectively but m the 
remamder the maximum difference between any two matched muscles 
was 6 2 per cent and the average difference was 3 2 per cent In a 
second senes of fifteen muscles one pair differed by 24 per cent but the 
maximum difference m the other fourteen pairs was 8 per cent while 
the average difference was 2 per cent An occasional analysis is there 
fore erroneous, or an occasional pair of muscles widely divergent 

The potassium content of S9 sartonus muscles was 330 ±23 (prob 
able error) mg per cent (mg K per 100 gm wet weight of muscle), 
while 45 other leg muscles, mostly thigh muscles, gave an average 
value of 316 ±23 mg per cent The a\erage of all 134 analj scs was 
325 mg per cent 

No significant seasonal \*anaUons could be established between the months 
of October and Ma> nor any constant differences between sartonus, gastro 
cncraius etc, Ne\crlhclcss wc beheve that there arc important differences be 

^ All the anaU*^ were made by the junior author \\c arc indebted to Miss 
Margaret Erlangcr for some preliminary analyses. 
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tween different muscles m the same frog even though the differences are not in 
the same direction m all frogs Thus m five frogs, both sartonus, both semi- 
tendmosus, and both semimembranosus muscles were analyzed The average 
deviation from the sartonus value m the same frog was 24 per cent, while the 
average difference between the two muscles of each pair was only 2 per cent, as 
stated above It is not therefore justifiable to analyze a gastrocnemius muscle 
as a control for a sartonus muscle These results indicate that a pair of sartonus 
muscles must be used for each experiment, one for each of tw'o solutions to be 
compared or else one for the initial potassium content and the other for the change 
produced by the experimental procedure 

Usual care was exerased m dissectmg the muscles to avoid injury and the dis- 
section was earned as close as possible to the ongm Nevertheless there seemed 
a possibihty that a large fraction of the potassium interchange between muscle 
and solution xmght take place at the ends of fibres cut across at the pelvic end 
To test this possibility six pairs of sartonus muscles w'ere cut in halves in the mid- 


TABLE I 



K 


Pelvic halt 

Tibial half 


mg ftr cent 

mg percent 

Controls 

317 

334 

After 5 hrs in Ringer’s 

324 

321 


die, the two pelvic and the two tibial ends from each pair being analyzed together 
Six other pairs w'ere similarly treated after soakmg for 5 hours in Ringer's solution 
The results are shown in Table I 

The differences are probably not significant but such differences as do appear 
would suggest that the loss of potassium was more rapid through the slightly 
smaller tibial half than through the slightly injured pelvic half Hence it may 
be concluded that the loss through the injured end is not excessive 

V arying Potassium Concenlrahoii — 

A senes of isotonic solutions was prepared in 250 cc Erlenmeycr flasks with 
concentrations of potassium var^'mg from zero up to 196 mg per cent In ad- 
dition to the potassium, each solution contained CaCI: 0 02 per cent, NaHiPOi 
ii/lSO, and NaCl in amounts which decreased as KCI increased Each solution 
was equilibrated with ox\gen and contained enough NaOH to give the desired 
pH, in this case 5 6 and 7 2 One sartonus muscle was placed in each solution, 
the matched muscle from the same frog being analyzed at once for potassium 
The flasks were left in the cold room at about 4°C for 22-23 hours when the 
muscles were removed, superficiallv dned on filter paper, weighed on a torsion 
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balance and put mto a cruable for ashing and potassium analysis In this ei 
penment, the potassium content was calculated on the basis of the final weight 
of the muscle after immersion 

Fig 1 shows the results obtained in two ccpenments of this type, 
one at pH 7 2 and the other at pH 5 6 Ordinates represent the dif- 
ferences in potassium content between the control and cspenmcntal 
muscles At pH 7 2, the graph crosses the zero line at 19 mg per cent 
mdicating that in a solution of this concentration and under the con 
ditions of this expenmcnt a muscle will neither gam nor lose potassium 



K. in solution 


Tig 1 Graphs showing the gam or loss of potassium bi a frog sartonus muscle 
after immersion for 22-23 hours at 4®C Each point represents the difference m 
potassium content between the control muscle anahied heforc the pcnod of 
immersion and the experimental rausde anali-zed after immersion 

In weaker solutions there is a loss of potassium from the muscle and in 
stronger solutions there is a gam ’ 

At pH 5 6 a more concentrated solution is required to pretent the 
loss of potassium, the equilibrium concentration being 46 mg per cent 
At concentrations larger than this there is as before a gam in potassium 
but in this cepenment the gam is no larger than would be expected if 
only the tissue spaces gamed potassium until the concentration 
equalled that in the solution outside, the potassium content of the 

* Jacques and Osterhout (1932) base reported simitar findings in I ahnta 
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fibres themselves remaining unchanged Assuming 25 per cent of the 
whole muscle as tissue space and neglecting the small amount of potas- 
sium originally present therein, the gam in potassium to be expected 
from this cause has been calculated and is shown as a dotted line in 
Fig 1 Thus at 200 mg per cent Ko the increase m K, would be 50 
mg per cent The observed gam is evidently well explained by the 
tissue spaces and there is no reason to suppose therefore that the potas- 
sium concentration inside the fibres has increased 
In these very strong potassium solutions the muscle also swells, 
due presumably to a loss of the normal anion impermeability At pH 
5 6 the gain in weight was 12 per cent and 13 3 per cent at 117 and 196 
mg per cent K respectively If the potassium contents had been cal- 
culated in per cent of the initial weight of the muscle the gam in potas- 
sium in these solutions would have been much larger than that indi- 
cated but the actual concentration of potassium in the fibres might 
have been decreased Since we are interested in concentration rather 
than contents we have calculated potassium according to the weights 
after immersion in all solutions which cause a swelling of the muscle 
As long as the potassium inside the muscle is in eqmhbrium with the 
potassium outside, an increase m K<, should lead to an increase in K, 
According to Fig 1 this occurs up to a certain point after which there 
IS no further increase in K, This point of inflection in both curves 
seems to coincide fairly accurately with the point indicated by an 
arrow, at which the muscles, at both pH 5 6 and 7 2 become almost 
completely non-irntable While more expenments are necessary to 
establish this correlation as strictly vahd, it appears that when the 
muscle membrane is injured by the high potassium concentration to 
such a degree that excitation becomes impossible, the concentration 
of potassium inside the fibres has reached a limit Possibly the mem- 
brane has become permeable to anions This would result in swelling 
also if the protein anions are still unable to escape It is in fact only 
in the solutions stronger than 100 mg per cent K at both pH 7 2 and 
5 6 that spelling vas observed At pH 7 2 there is, however, a large 
increase in the concentration of potassium before this point is reached 
Bnef mention may be made at this point of the effect of immersing 
muscles in isotonic KCl (0 9 per cent or 472 mg per cent K) Such 
muscles gam m ■weight at the rate of 16 per cent of the initial weight 
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per hour for about 16 hours and then remain about constant The 
solution which is absorbed is approximatcl 5 isotonic as regards potas 
Slum but contams much less chlonde Since the muscle as a whole 
becomes simultaneously shghtly more aad and since the loss in sodium 
does not cover the excess of potassium over chlorine, it is obvious that 
some other ions than K, Na, H, OH, and Cl must be involved Lactic 
aad formation and phosphocreaUne synthesis help to account for the 
remainder of the potassium Some of the potassium absorbed ser\ es 
merely to raise the concentration m the tissue spaces Some of our 
analyses show more potassium absorbed than can be accounted for in 
this way, indicating an increase in concentration inside the fibres, 
but this seems to be the exception rather than the rule With the 
irreversible loss of exatability of the muscle has gone also, to a large 
extent at least, the ability to concentrate potassium * 

T/ic Effect of pB 

Perhaps the most significant feature of Fig 1 is the fact that at 
pH 7 2 the tendency of potassium to escape from the muscle is less than 
at pH S 6, a smaller value of K. is necessary to prevent decrease in 
K< This IS to be expected on the basis of a membrane equilibrium if 
the membrane is permeable to potassium and indeed Hbber (1928) 
has some observations to confirm this prediction Liken isc Ernst 
and TaLacs (1931) show that the addition of lactic aad to the sugar 
perfusate increases the amount of K and POi which is extracted from 
frog muscle * It seemed possible, however, to test the matter more 

* In a prelinunar> abstract of this work wc did not allow for the swelling of 
the muscle and concluded probably crroneouslv, that a muscle could continue 
to concentrate potassium even after imlabiht} is lost (Fean, 1933) 

* Recent expenments performed since wnung this manusenpt have mdicatcd 
that the loss of potassium is to a considerable extent dependent upon the abiht> 
of the musde to lose phosphate Matched muscles were soaked m high (ii/150) 
and low (ai/dOOO) phosphate Ringer without potassium In the latter solution 
phosphate would diffuse out (Stella G J Ptiyswl 1928 66, 19) and the loss of 
pota^ium from the muscles in two expenments was 73 and 90 nig per cent 
greater than in the more concentrated solution We have also found a 19 mg 
per cent greater loss of R from a musde in nitrogen than from its mate in oxvgen 
possibi} because of the simultaneous loss of lactate V\ e were unable to confirm 
the statement of Wojtczak (Wojtczak A Bief dhrt, 1929, 3, 19068) that 
absence of sugar from the Ringer s solution accelerates the loss of potassium. 
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quantitatively by determining the effect of pH upon the equihbnum 
potassium concentration, ^ c , the concentration of Ko at which the 
muscle neither loses nor gams potassium Thus if the eqmhbnum is 
such that K,/Efo = H,/Ho = OHo/OH,, where K, and refer to the 
activities inside and outside the muscle respectively, then K, X OH, = 
X OH„ 

If at equilibrium, t e when K, is constant, OH, is also constant, 
then Ko X OHo should be constant In other words as the pH is 
changed, the equilibrium value of Ko should change m such a way 
that Ko and OHo should remain constant and equal to K, X OH, 



Fig 2 Gam or loss of potassium at different pH after immersion for 5 hours 
at 22°C in 5 per cent COj-bicarbonate-phosphate buffers 


To test this suggestion it was necessary to determine the “equi- 
hbnum points” in a number of solutions of different pH values A 
pH of 6 3 was tried under conditions comparable to those shown in Fig 
1 and also a senes of similar expenments under different conditions in 
the hope of obtaining more uniformity in the behavior of different 
muscles For this reason some muscles were left in the cold room 
overnight in aerated Ringer’s solution to reach a “basal” state and to 
recover from dissection injunes The most carefully studied condition, 
hovcver, was at 22°C in an atmosphere of 5 per cent COj -f 95 per 
cent O; vith Ar/150 phosphate and bicarbonate to give the desired pH 
This offered the further advantage that the bicarbonate content of the 
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quantitatively by determining the effect of pH upon the equihbrium 
potassium concentration, i e , the concentration of Ko at which the 
muscle neither loses nor gams potassium Thus if the equihbnum is 
such that K,/K<, = H,/Ho = OHo/OH,, where K, and K<, refer to the 
activities inside and outside the muscle respectively, then K, X OH, = 
Ko X OH„ 

If at equilibrium, i e when K, is constant, OH, is also constant, 
then Ko X OHo should be constant In other words as the pH is 
changed, the equilibrium value of should change in such a way 
that Ko and OHo should remain constant and equal to K, X OH, 
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Fig 2 Gain or loss of potassium at different pH after immersion for 5 hours 
at 22°C in 5 per cent COj-bicarbonate-phosphate buffers 

To test this suggestion it was necessary to determine the ^'equi- 
libnum points” in a number of solutions of different pH values A 
pH of 6 3 was tried under conditions comparable to those shown in Fig 
1 and also a senes of similar expenments under different conditions in 
the hope of obtaining more uniformit}'' in the behavior of different 
muscles For this reason some muscles were left in the cold room 
overnight m aerated Ringer’s solution to reach a “basal” state and to 
recover from dissection injunes The most carefully studied condition, 
hovel er, vas at 22°C m an atmosphere of 5 per cent CO 2 + 95 per 
cent 0: v ith m/150 phosphate and bicarbonate to give the desired pH 
This offered the further ad\ antage that the bicarbonate content of the 




^^AI.LACE 0 FENN AND DORIS SI COBB 


637 


musde could be measured simultaneous!} , thus permitting a calcula- 
tion of the pH inside the muscle The data obtained from some of 
these experiments are plotted in Tig 2 Other senes at pH 6 3, 7 25, 
and 7 5 were tned and have given intermediate and confirmatory 
values which will be omitted to avoid undue confusion The results 
are essentially similar to those of Fig 1 except that the equilibnum 
concentrations are uniformly larger, due chiefly to the higher tempera 
ture, and no definite point of inflection is observed corresponding to 


Mg pec cent 



rig per cent 10 20 30 40 50 

K in solution. 

Fic 3 Same as Fig 2 but the muscles i\erc immersed for 22 hours at 4 C 

the approximate point of non irntability, although this might have 
appeared in still higher concentrations at pH 7 7 
Three more curves of the same type art plotted in Fig 3 The 
muscles were immersed in the same solutions described in connection 
with Tig 2 but they were kept for 22 hours m the ice box at about 4‘’C 
in the hope of diminishing the rate of metabolic dismtcgrativ e changes 
and leaving the diffusion rales rclativelj unchanged There is mucli 
lessdifTerence betweenpHfi 3 and 7 7 than in Fig 2 In the alkaline 
solution there is a definite increase in the concentration of potassium 
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at least up to a certain limit Beyond this maximum at pH 7 7 there 
IS a decrease in potassium concentration which may be real and may be 
correlated as before with the diminishing irntability found in these 
solutions It should be noted that in this senes even at pH 6 3 there 
is definite evidence of a movement of potassium into the fibres against 
the concentration gradient According to this test the anion imper- 
meabihty still persists and to that extent the cell is still in a normal 
condition 

The irregulanty of these results is considerable® but the conclusions 
are unmistakable It is obvious that it does not suf&ce to say that the 
muscle IS in equilibnum with a solution contammg 13 mg per cent 
potassium, for this varies markedly with the pH Mond and Amson 
(1928) detemuned this value by perfusing with a solution containing 
NaHCOs but no PO4 or CO2 except such CO2 as came from the meta- 
bohc processes in the muscle ® The artenal solution must therefore 
have been quite alkaline which would agree with our results 

Since Ko (at equihbrmm) decreases with increase in pH according 
to theory we have next to inquire whether this decrease is quantita- 
tively as well as quahtatively in agreement with the theory 
This can best be tested by plotting log Ko against log OHo (or pH) 
If Ko X OHo IS equal to a constant then log Ko -f log OHo or log Ko + 
pH IS equal to a constant and the graph should be a straight line of 
such a slope that log Ko should decrease from (say) 2 0 to 1 0 when pH 
increases from 6 0 to 7 0 The slope of the graph should be therefore 
mdependent of the absolute value of the product Ko X OHo which will 
determine only the intercepts on the x and y axes 

In Fig 4 the “equilibrium” values of log Ko and log OHo (pH) (t e 
when K, is constant) have been plotted in this way using all the expen- 
ments available of the type descnbed m Figs 1-3 Five graphs, 
A, B, C, D, and E are obtained The theoretical slope for constancy 

® We have made no attempt to select tj^ical expenments for presentation but 
have mcluded practically all the results obtamed Many more expenmen ts iv ould 
be needed to determine the extent of the variations nhich could be expected in 
the behaxnor of frog muscle 

® These authors mention no pH effects m their perfusion expenments but in a 
personal commumcation Dr hlond mforms us that they looked for such effects 
but did not observe them 
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of the product K. X 0H„ is indicated by straight lines It is evident 
that the most thoroughly studied condition (5 per cent CO , 5 hours, 
at 22°C ) represented by Curve A, gives results whieh approximate 
fairly -well to this slope tvithin the physiological range from 7 0 to 7 7 
Parts of Graphs B, E, and D also seem to approach this slope as a 



pH of solaUon 

Tio 4 The pH of the solution plotted against the loganthms of the com 
spending iwtassium conccntiaUons at which the muscles neither gam nor lose K 
Sec text The curves differ as follows A 5 per cent CO: S hours 22 C (Fig 
2), B, same as A but muscles prenousU hept overnight in Ringers solution at 
about 4°C C, 5 per cent CO: 22 hours at d'C (Fig 3) D, phosphate buffers, 
no Ca S hours at 22 C after previous treatment ovcmight at 4 C in Ringer’s 
solution, E phosphate buffers 22 hours at d^C (Fig 1) 

limiting value At pH below 7 0 Graph A deviates markcdlj from 
the theoretical slope This w c bclict c due to the fact that the pH docs 
not rcmam constant inside the muscle even though Ri is constant If 
the product Kr X OH; vanes there is therefore no reason to expect 
K, X OH, to remain constant Instead of remaining constant at pH 
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5 6 outside the pH inside decreases This large concentration of H+ 
inside readily exchanges with K outside A smaller concentration of 
Ko IS therefore necessary to keep K, constant 

We do not offer Fig 4 as proof that X OH, is constant The 
points are hardly accurate enough to prove that this and no other 
relation obtains Furthermore the pH inside is not really constant 
anywhere in the physiological range except at pH 7 0 Fig 4 does 
show, however, that the data are not inconsistent with this theoretical 
interpretation One of the chief difficulties with the theory is that 
the pH inside is not mucli if any less than pH outside To demon- 
strate this fact it IS necessary to describe measurements of the pH in- 
side the muscle 

pE Changes tnside the Muscle — The pH inside the muscle was esti- 
mated from the combined CO 2 when equilibrated with a known CO 2 
tension (5 per cent) by means of the Henderson-Hasselbalch equation 
On account of the doubtful assumptions involved in using this equa- 
tion for tissues, especially the impossibility of making allowances for 
tissue spaces, the resulting figure is properly referred to as an “equiva- 
lent pH ” 

The H 2 CO 3 in 5 per cent CO 2 per 100 gm of musde was taken to be 0 829 X 
0 80 X 0 05 X 100 = 3 316 vol per cent assuming 80 per cent water in the 
muscle, and taking 0 829 as the absorption coefSaent for CO 2 in w^ater at 22 °C 
For 5 per cent CO 2 the pH is therefore calculated by the formula pH = 5 65 -j- 
log (vol per cent combined CO 2 ) when p/Ci =617 The combined CO 2 is also 
calculated per 100 gm of muscle If both HCO 3 and H 2 CO 3 were calculated per 
100 gm of muscle water the result would of course be unchanged The value of 
pZi was taken from Cullen, Keeler, and Robinson (1925) for human blood plasma 
at 22‘’C Accordmg to Meyerhof, Mohle, and Schulz (1932) the pKi should be 
greater than that for bicarbonate by 0 14 on account of a difference m the activity 
of HC 03 ~ m muscle These authors use pKi = 6 40 at 20°C If this value 
w ere used it would be necessary to conclude from our experiments that a muscle 
which neither lost nor gamed CO 2 m 5 hours in a solution of pH 7 0 , had a pH 
inside of 7 23 The pH of our solutions was measured wath a quinh> drone elec- 
trode usmg a potassium phthalate standard 

The combined CO 2 was measured as follows The muscle was removed from the 
experimental solution, blotted on filter paper, weighed, and placed in 1 cc of un- 
buffered Rmger s solution m a respirometer bottle (differential volumeter) con- 
taining 0 3 cc of 25 per cent atnc aad m a side arm 5 per cent CO 2 + 95 per 
cent O 2 was passed through the bottle, the solutions having been previouslj equi- 
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librated with the same gas Cocks were turned after the respirometer had hcen 
m the bath 10 minutes, and half an hour later the aad was dumped into the Ring 
ers soluuon Readmgs were continued after aadification until there was no 
further mcrease in volume Ordinanlj the volume begins to decrease agam very 
slowlj within 1 hour after dumpmg A correction was of course made for the 
solubihtj of COj in the Rmger s solution and m the muscle on the basis of the 
absorption coeffiaent of COj for water at 22°C 

The results of these measurements show us what dianges to expect 
in the position of the CO dissoaation curve previousl> determined 
for normal muscles (Fcnn, 1928) Thej have a further special impor- 
tance in f urmshing a test of the theory that transfer of potassium takes 
place only by exchange wath hydrogen (or by diffusion as KOH) In 
either case, smee the muscles are equilibrated with 5 per cent COj 
during immersion m the experimental solutions, any penetration of 
potassium by cither of these mechanisms would cause an equivalent 
increase in combined COr The results show that this takes place 
to a limited extent only 

Muscles were soaked for 5 hours in solutions of varying pH with 
Ca, K, POj, and Na constant, COj buffers being used The results 
are shown in Fig 5, all the muscles used m this senes being repre 
sented The “equivalent pH” inside is plotted against the pH outside, 
the diagonal through the ongm representing the points where the pH 
IS the same inside and outside The normal muscle has an initial pH 
m 5 per cent COj of 7 0 as indicated by the honzontal line As diffu 
Sion takes place in the cxpcnmcntal solution the pH inside decreases 
in aad solutions and increases in alknhnc solutions as if the initial hon 
zontal line were gradually rotating anticlockwase as indicated by the 
arrows, to approach the diagonal line After 5 hours the combined 
CO is8-10vol per cent at pH 6 3 outside and 40-50 vol percental 
pH 7 7, the normal content in HCO> being about 22 \o! per cent 
These changes are large and relatively independent of small effects 
due to differences in potassium content of the solution This is cvi 
dent when it is realized that thepotassium concentration in some of tlie 
solutions V aned at the same pH from 0 to 51 mg pcrccntK The pH 
inside, in other words, is almost entirely dependent upon the pH out 
side and the period of immersion Evidently 1/ c pJI tnsidc can d ans^e 
independently oj the potassium adach iS therefore not the pme 
Irating ion 
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It is remarkable that an inside pH of 7 0 should be exactly in equi- 
hbnum with a pH outside of 7 0 The same is true of nerve except 
that the pH concerned is 7 15 With potassium 30 times more con- 
centrated inside than outside there should be, in a Donnan equilibrium 
a hke difference in H+, so that the pH mside the fibres themselves 
ought to be 5 62 if it IS 7 0 outside The theory is evidently incomplete 



Fig 5a Calculated value of pH inside the muscle after 5 hours immersion 
at 22‘’C m solutions of different pH using 5 per cent COj-bicarbonate-phosphate 
buffers 

Fig 56 The combined CO 2 contents from which the pH values of Fig 5a 
were calculated 

Effect of Varying Potassium Concentration in the Solution upon 

the pH inside 

If potassium enters a muscle by exchange with a hydrogen ion or as 
KOH, then a high potassium content in the solution should cause an 
increase m pH inside In other words the pH, should depend upon 
both pH„ and just as K, depends upon both pH<, and K,, Experi- 
ments show that this is the case to a hmited extent, although all the 
potassium which diffuses cannot be accounted for m this manner 

Matched muscles w ere soaked for 5 hours at pH 7 0, one m a solution 
containing no potassium and one in a solution of high potassium (43 
mg per cent) content 5 per cent COj-bicarbonate buffers were used 
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After 5 hours the muscles were blotted, weighed, put m a respirometer 
m 1 cc of unbuffered Rmger’s, and equihbrated again with 5 per cent 
COj + 95 per cent 0 The combined CO was then determined bj 
dumping atnc aad and the pH calculated The contents of the respi- 
rometers were finally rinsed into a cruable, evaporated to dryness, 
ashed, and analyzed for potassium The potassium originally present 
in the Ringer’s solution was deducted from the total found 


TABLE n 

Matched Muscles A and B tn Ringer's SotuUctn of fTig/j and Low Potassium Content 

at pm 0 



Experlfficnt 

No 

Muscle A 

MtacIeB 

DiiTefcoce 


iHI 


■1 

jr» -rq ftr 
100 CM 

Kin solution mg fcrctnl 

H 

0 



COj in muscle wi fer cent 


19 6 


0 0/0 



18 3 i 

21 1 

0 126 




IS s 

0 347 


1 «4 1 


12 S 

0 179 

Average j 

0 181 

K m muscle mg fer cent 

1 >30 1 

240 

332 

j 2 35 


■ 9 ' 

270 

254 

1 99 



320 

402 

2 10 


144 1 

334 

409 

1 92 

Average 

2 09 


There was no significant change in weight oi the musdes in either solution 
during immersion Temperature 22 C 


The results of four such experiments are show n in Table H Aver 
aging the results together it is found that Jluscle B after 5 hours in 
high potassium Ringer’s solution contains 2 09 m -cq per 100 gm 
musclemoreKthanMuscleA, and only 0 18 m -cq perl 00 gm more 
HCOj The calculated increase in pH inside due to the high potas- 
sium 15 0 14 as an a\erage Some potassium can obviouslj have dif- 
fused out of Muscle A as ROH thus decreasing the RHCOj inside 
Some potassium may have diffused out without a corresponding de 
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crease in HCOs" if accounted for by the buffer activity of phosphates, 
proteins, etc The fraction of the excess of potassium in Muscle B 
which could be explained in this way, however, is very small as can be 
estimated from the CO 2 dissociation curve of frog muscle (Fenn, 1928) 
From this curve (for summer frogs) it can be ascertained that between 
pH 6 8 and 7 2 the combined CO 2 increases 3 9 vol per cent or 0 174 
m -eq per 100 gm muscle for 0 4 increase in pH The average pH 
in Muscle B is only 0 14 greater than that in Muscle A Hence the 
amount of KOH which could be buffered by this means is only 0 14/ 
0 40 X 0 174, or 0 006 m -eq If therefore the difference between 
Muscles A and B is interpreted as due to diffusion of potassium from 
Muscle A it must be concluded that only 0 181 + 0 006 or 0 187, out 
of the 2 09 m -eq which are lost, can have diffused out as KOH, unless 
some other aad-base change has occurred such as a formation of lactic 
acid or of phosphocreatine 

It ■null be observed in Table II that in Experiments 143 and 144 
the CO 2 values are lower and the potassium values are higher than in 
Experiments 130 and 132 This difference is due to the fact that the 
former muscles were left in aerated phosphate Ringer for 15 hours at 
4°C before being used During this time the CO 2 tension was near 
zero and the reaction must have been fairly alkaline inside Pre- 
sumably therefore base diffused out (or acid in) Later when the 
muscles were put into 5 per cent COo-bicarbonate solution at 22°C 
the CO 2 diffused m and they became therefore more acid than normal 
muscles and had a low CO 2 content Being more acid inside they lost 
less potassium during the treatment at 22°C with no potassium in the 
Ringer’s The average pH of Muscles A and B respectively was 6 93 
and 6 98 for untreated muscles and 6 57 and 6 80 for muscles left in 
the cold room The untreated muscles, being in a solution of pH 7 0, 
did not change much from this value as already explained m Fig 5 

The average weight of the muscles used m the expenments of Table 
II was 127 mg (105-145) In the absence of potassium the muscles 
lost on the average 2 2 mg in weight while in the high potassium solu- 
tions they gained 2 8 mg The difference in weight is therefore about 
4 per cent vhile the difference m potassium between the t^\o muscles 
is 25 per cent There must have been some compensatory changes m 
other 10 ns, perhaps sodium The weight was, however, consistently 
higher where the potassium content was high 
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All the muscles m these expenments (Table II) were irntable at the 
end of the expenment but those m the high potassium solutions had 
an irntability of only 45 as compared to 278 (ohms per volt) for the 
low potassium muscles 

The above interpretation of the effect of soalmg muscles in the cold 
room overnight is rather instructive and is confirmed by an expenment 
in which one of a pair of sartonus muscles (A) was analyzed immedi- 
ately after dissection for combined COi and K, while its mate (B) was 
similarly treated after being left m the cold room overmght in normal 
aerated Ringer’s solution The potassium decreased from 356 to 288 
mg per cent while the HCOi decreased from 26 2 to 12 2 vol per cent, 
the “equivalent pH" values for the inside of the muscle (after equi 
libraUng with 5 per cent COj) being 7 07 and 6 74 respectively The 


TABtE m 

Phosphate vs Buarbonote Bujjers 


£xperlmea( 

1 Solution 

1 K In mw)e 

pH 

K ! 

ro ! 

CO, 



Mr 

r*t ft tmJ 

ml ftrttm 

A 

6 3 

0 

178 

224 

B 

7 3 

47 

257 

370 


decrease in potassium in this case was 1 74 m -eq of which loss only 
0 62 m eq was accounted for as HCOa 
Another expenment (A) summanzcd in Tabic in illustrates nicely 
the effect of the pH inside the muscle upon the loss of potassium Tv o 
solutions were prepared contaimng usual amounts of NaCI, CaCI , 
and phosphate buffers, but no KCI One was equilibrated vith Ot 
and the other with 5 per cent COj -1- 95 per cent Oi The pH of both 
was adjusted to 6 3 A pair of sartonus muscles was immersed, one 
muscle in each solution, and left in the cold room overnight In this 
solution both muscles lose potassium, but the one in the solution con- 
taining only phosphate buffers lost 46 mg per cent more than the one 
in the solution containing phosphate plus COj buffers The difference 
IS to be attnbuted to the greater aadity inside the latter due to the 5 
per cent COi A similar expenment (B) «as tned at pH 7 3 vath 47 
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mg per cent K The imtial potassium content is unknown but prob- 
ably the CO 2 muscle gained potassium and the PO 4 muscle lost potas- 
sium, the difference in potassium content being 113 mg per cent 
These eiqienments show that an increase in pH inside favors the loss 
of potassium from the muscle just as an increase of pH m the solution 
favors the entrance of potassium into the muscle from the solution 
In spite of this indubitable relation between pH and potassium dif- 
fusion, evidence has been ated in Table II to show that potassium is 
not the only diffusible ion, for pH changes can occur independently of 
potassium diffusion 


TABLE IV 


Mutual Independence of K and HCO 3 Changes 


pH 

K in solution 

K in muscle 

HCOi in muscle 


ms fer cent 

m mols/lOO gm 

m mols/WO £m 

6 3 1 

0 


-0 69 

6 3 

23 

-3 72 

-0 95 

6 3 

51 1 

-0 33 

I -0 62 

7 3 

0 

-2 07 

0 32 

7 3 

23 

-0 13 

0 094 

7 3 

51 

1 43 

0 23 


The figures represent differences between K and HCO3 analyses of pairs of 
muscles, one analyzed before and the other after soaking for 5 hours at 22°C in 
5 per cent CO 2 + 95 per cent O 2 Solutions contained 0 65 per cent NaCl, 
ii/150 phosphate, 0 02 per cent CaClj m addiUon to KCl and HCOj 


Further evidence of the same effect is furnished by the data of Table 
IV in which figures are given for simultaneous changes in K and HCO 3 
concentration caused by an immersion of 5 hours in solutions of vary- 
ing potassium and hydrogen ion concentrations At pH 6 3 muscles 
lose 0 62-0 95 m -eq HCO 3 per 100 gm m solutions of all concentra- 
tions of potassium from 0-51 mg per cent, but at 51 mg per cent K 
the loss of potassium is only 0 33 while in the absence of potassium it is 
certainly more than 3 72 m -eq although the actual analysis in this 
case was lost Likewise at pH 7 3 all three muscles gam HCO 3 while 
two of them lose K Under other conditions they may lose HCO 3 
w hen K IS gamed , they ma> show' a large change m pH after immersion 
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while K remains constant, or the K content may change while the pH 
remains constant 

Effect of NHiCl 

Another instructive example of an increased loss of potassium due to 
a high internal pH is derived from experiments in which some of the 
NaCl in Ringer’s was replaced by NH4CI As m the case of the eryth 
rocyte, NHtOH readily penetrates the muscle and increases the alka 
hmty mside This increased alkalinity causes m turn a redistnbution 
of potassium between the inside and the outside so that potassium 
diffuses out, perhaps due to the increase in the product K( X OHj 


TABLE V 

Effect of NH^Cl on K. Content of Uusctc 



1 K. In muscle 

InlublLtr 


(«) 

m 

( 0 ) 


Control muscle m Rioger s 

mt ffTttnX 

367 

mt ttrtrtU 

316 

600 

370 

Muscle in Ringer s + NH 4 CI 

tn 

257 

20 

10 


The amount of NaCl replaced by NHjCl was 0 033 M m (o) and 0 044 11 in 
(i'} Jr? hoih coses the sdotioc hod a pH of 7 3 and a pplnssinxo axntent of 33 
rog per cent Muscles were soahed m these soluUons for 5 hours at 22'*C be 
fore analysis 

On this basis Jacques and Osterhout (1930) explain the loss of potas 
Slum from cells of Valtmta exposed to NHiCl It was also noted 
that the imtabilitj of the muscles to break induction shocks decreased 
markedly as potassium diffused out The figures from these expen 
ments arc shown in Table V 

Effect of CaClt 

We have endeavored repeatedly to learn what effect a change in the 
calcium concentration would base upon the potassium cquilibnum 
The results, however, have not been altogether consistent Jvine such 
experiments may be selected for summatj Each experiment inv olv cd 
the analj sis of a pair of muscles after 5 hours immersion, one m a 
Ringer’s solution containing no calaum and the other in a Ringer s 
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solution containing 0 02 or 0 04 per cent CaCIo Otherwise the solu- 
tions were the same for both muscles The pH of both solutions 
vaned, however, in different experiments from 4 5 to 7 5 and the potas- 
sium from 8 to 32 mg per cent Of the nine experiments, seven 
showed more potassium in the muscle m the CaCh-Ringer solution, 
the average increase being 53 mg per cent The other two experi- 
ments showed decreased amounts of potassium m the presence of 
CaCh, the differences being 19 and 50 mg per cent It appears there- 
fore in general that CaCli tends to prevent the loss of potassium from 
muscles but the differences are not great and there are doubtless com- 
plicating factors which could not be adequately controlled We find 
it impossible therefore to make a veiy positive statement concerning 
the effect of calcium at the present time 

Correlations with Irritahhiy 

In most of these expenments we have measured the irntability of 
the muscles after and sometimes also before the period of immersion 
in the expenmental solution Some correlations with the potassium 
equilibnura can be made out but in other respects the correlation is 
not very good 

Immediately after dissection the irntability of a frog sartorius mus- 
cle measured with an induction coil is perhaps 1000 ohms/volt If 
left m Ringer’s solution this value rapidly declines within the 1st hour 
to about 100 or 200 after which the decline is relatively slow Samples 
of the rapid decrease are shown in the two lower graphs in Fig 6 
One of these graphs represents normal muscles and the other represents 
muscles equilibrated with 30 per cent CO- and therefore much more 
acid both inside and out Each graph represents the average of three 
or more expenments To avoid confusion the large number of scat- 
tenng expenmental points from many different muscles arc not 
included As would be expected the greater acidity causes a more 
rapid loss of irntability Some of the muscles w ere analyzed for potas- 
sium at \ arious times dunng these expenments and the results, repre- 
sented by the graphs in Fig 6, show that the more rapid loss of 
irntability was accompanied by a more rapid loss of potassium The 
more rapid loss of potassium is probabh due to the fact that CO 2 
causes initially a greater increase in acidity outside in the Ringer’s 
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solution than inside the muscle, because muscle is better buffered 
than is the Ranger phosphate solution The buffer \alue (dB/dpH) 
for musde is 0 02 and for Ringer’s solution 0 0058 (with m/ 150 phos 
phate) It may be estimated that m 30 per cent CO. the pH inside 
the muscle was 6 3 as compared to 5 9 outside On the basis of these 
expenments an increase in COi tension in the capillaries of a muscle 
tn mvo would be expected to cause a shift of potassium from muscle to 
blood comparable to the shift of chlorme from plasma to coipuscles 



Fig 6 The effects of equilibrating muscle plus Ringer s phosphate soIuUon 
(pH 7 25) with 30 per cent COi plus 70 per cent Oj Decreases in potassium 
content in rog K per 100 gm muscle in imlabilif) (ohms per lolt m primary 
of mductonum), and combmed CO content (in per cent ol the imtial value) 
are plotted against the duration of immersion in the solution 


Some of these muscles were also put into rcspiromctcrs after dif- 
ferent periods of time, equilibrated wath 30 per cent CO , and analyzed 
for combined CO by dumping atnc acid The a\ crage initial con 
tent was 42 4 vol per cent in six muscles The decrease in HCO, 
wath time is indicated in the uppermost graph in Tig 6 m per cent of 
the imtial value The experimental error of the few figures obtained 
was sufficient to obscure any difference between the muscles cqui 
hbrated wath 30 per cent COj and the controls which were exposed to 
CO only at the Ume of analysis Both muscles were prcsuraablj 
shghtly mote alkahne than the solution and both showed a decrease 



650 


POTASSIUM IN JIUSCLE 


to 60 per cent of the initial HCO 3 in 5 hours Thus the potassium 
loss in 5 hours is 4 1 m -eq per 100 gm while the CO 2 loss is 0 76 m -cq 
It is impossible to account for this large potassium loss without further 
analyses for Na, P, lactic acid, etc 

This sudden loss of irritability resembles at first thought the sudden 
loss of irntability described by Gellhom (1930) when the concentra- 
tion of potassium in the solution exceeds a certain cntical value 
depending upon the amount of calcium present We have tried, how- 
ever, the concentrations of salts recommended by Gellhorn for the 
preservation of normal irritability and continue to find the same rapid 
initial drop in irritability This drop is so rapid that one must work 
quickly in order not to miss it Sometimes even a minute or two 
makes a big difference The second muscle dissected of a pair of 
sartorius muscles usually had a lower irntability than the first Semi- 
tendinosus and ileofibulans muscles give similar results In Ringer’s 
solution contaimng no potassium the initial fall m irritability is more 
rapid than in high potassium solutions Possibly the immediate effect 
of potassium is to partially depolanze the membrane and increase 
irntability, while higher concentrations or more prolonged exposure 
may destroy the membrane and so abolish excitability Lapicque 
and Nattan-Larner (1926) have reported an initial decrease m chron- 
axie followed by an increase as a result of treatment with potassium 
The injunous effect of both high and low potassium solutions are 
reversible to a certain extent 

Another surpnse lies in the discovery that the irritability is increased 
by increase in the potassium content of the Ringer’s solution up to a 
certain optimum The optimum concentration of potassium accord- 
ing to our expenments is about 20 or 25 rag per cent K, whereas usual 
Ringer’s solution contains only about 5 mg per cent K (0 01 per cent 
KCl) We at first thought that this optimum corresponded to the 
concentration at which the muscle was m potassium equilibnum, there 
being a decrease in irritability when potassium was either lost or 
gamed by the muscle The graphs of Fig 7 show, however, that this 
is not the case because the point of optimum irntability docs not vary 
significanth wuth the pH Thus at pH 6 3 the muscle is in equilibnum 
(as to K) with a solution of 75 mg per cent K w hereas the optimum for 
irntability is at 20 mg per cent WTierc the points on these irnta- 
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bility curves are close enough together it is often possible to see that 
there is a very sudden drop after the concentration passes a certain 
cnticalvalue One of the curves at pH 7 3 (fig 7) shows a suggestion 
of this effect The drop is probably also sudden w ith respect to tune 
and may correspond therefore to Gellhom’s sudden drop of irntabihtj 



K ouUlde 


Fig 7 Imtabiht> (in ohms X 10~* per volt m the primary of the indue 
tonum) of muscles after 5 hour immersion in solutions of varying potassium con 
tent Note that the optimum does not var> regularlj vnth the pH Each point 
represents one muscle. 

Wc arc quite well aware that this maximum of irntabihty at a reh- 
tively high potassium concentration ma> be due to our method of 
measunng irritability and we arc not disposed to defend this simple 
induction, coil method very far In such expenments as u e ]x'w c tried, 
honever, the chronaxie entenon gaxe a similar result A similar 
optimum concentration of potassium nas found b} Scrcni (1925) for 
tension and heat produrtion but m this case the optimum coinaded 
uith the usual concentration in Ringer^s solution 
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Potassium Di^uston vs Time 

In most of our experiments a period of diffusion of 5 hours was 
arbitranly selected as convenient A few observations were made, 
however, at other durations so that the gam and loss of potassium as a 
function of time could be plotted In each case the solutions were in 
equilibrium with 5 per cent CO 2 and the temperature w^as 22°C 
Curves representing four such expenments are plotted in Fig S 
In acid solutions, low m potassium, there is a steady loss of potassium 



Fig 8 T>T)ical curves showng gam or loss of potassium by muscles as a func- 
tion of the time of immersion in hours 

from the beginning In another equally acid solution (pH 6 3) the 
potassium concentration w'as high enough (51 mg per cent) to cause 
an initial gam m potassium followed eventually by a loss (Note one 
wndely divergent point, a not uncommon result ) This subsequent 
loss may have been due to the increasing acidity inside and the 
destructive effect of high potassium upon the membrane Even at 
neutrality and 30 mg per cent K, however, the initial gam m potas- 
sium w as not maintained Only at pH 7 7 and 39 mg per cent K did 
the expenmental muscle continue to show a net gam 24 hours after 
the control muscle w as analj 7ed Some but not all of this gam might 
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be due to an increase in the concentration of potassium m the tissue 
spaces until equal to that in the solution 

DISCUSSION 

The evidence just presented shows dearly that potassium diffuses 
in and out of musdes by evchange with hydrogen ions or some equi va 
lent process Otherwise it is hard to explain how potassium can 
move against the concentration gradient after a shght increase m the 
concentration of potassium outside Purthennore we have shown 
that potassium tends to move tow ard the side of increased aadity and 
when potassium is increased inside the muscle we have demonstrated 
an increase in bicarbonate content The changes m bicarbonate, 
however, are not quantitatively suffiaent nor arc they always even 
in the nght direction to explain completely the potassium movement 
It IS therefore evident that under the conditions of these expenraents 
some anion or cation other than K must have diffused across the mem 
brane This fact is not in agreement with the general theory that the 
musde membrane is anion impermeable and permeable only to the 
smaller cations, K and H To explain this conflict we are now 
attempting to determine what other ions are involved in this cqui- 
hbnum shift It is necessary to include m the study all chemical 
reactions within the muscle which can change the aad base balance, 
e g the formation of lactic aad and the sj nthesis of phosphocrcatinc 
Meanwhile w e must consider the possibility that ions other than potas 
Slum can diffuse only outside the phy siological range where the muscle 
has been somewhat injured or, that there is enough diffusion between 
solution and tissue spaces to account for the conflicts with the theory 
which have been observed This explanation docs not appear very 
hopeful to us but we arc not prepared to rigidly exclude it until the 
total electrolyte balance is better explored 

There is, however, another experimental conflict with the theory 
which IS still harder to exclude completely This is the finding tlint 
the pH of the muscle is at least approximately the same both inside 
and out while the potassium concentration differs markedlv This 
might mean that the membrane is permeable to potassium but not to 
hydrogen ions This, however seems deflmtelv contradicted by the 
evidence outlined abov c tor a diffusion of potassium by exchange with 
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hydrogen Even a diffusion of potassium as undissoaated KOH as 
suggested by Osterhout (1930) amounts to an exchange wth hydrogen 
ions if water can penetrate It has been argued that the membrane 
IS impermeable to hydrogen ions because a change m pH does not 
affect the mjury potential to the same extent that a change m potas- 
sium concentration does It should be noted, however, that the 
absolute concentration of potassium ions is so large that the rela- 
tively infinitesimal number of hydrogen ions can have very little 
effect upon the phase boundary potential so that the argument is 
quantitatively fallacious 

Two different theones have been proposed by Osterhout (Osterhout 
(1930)), and Osterhout and Stanley (1932) and by Brooks (1929) to 
explain the accumulation of potassium in living cells According to 
both theones, however, the potassium balance is not an equilibrium 
phenomenon at all but merely the result of a steady state of diffusion 
The potassium accumulation is due then to a greater mobihty of potas- 
sium as compared to sodium and to a continuous production of acid 
by COo formation inside the cell However well this scheme may 
work for plant cells it does not seem appropnate for muscles In the 
first place the muscle cells are small and well ventilated by blood so 
that the COo Icnsion inside is very little greater than that outside and 
does not seem to be quantitatively sufficient to explain the great dif- 
ference in potassium concentration Further potassium cannot con- 
tinue to enter a muscle cell as it can a Valonia cell for the muscle is not 
continuously growing and absorbing water Without this provision 
the inequality in potassium concentration would not persist There- 
fore it must be concluded that although such steady state theones 
may permit unequal Kc/K, and H>/H. ratios the explanation is inade- 
quate on other grounds 

It might be suggested that inequality between K,/K„ and H,/IT 
ratios might be due to differences in the activity coefficients inside 
the cell as compared to those in solutions Hill and Kupalov (1930), 
howexer, haxe shown that the osmotic pressures inside and outside 
the muscle are equal if all the potassium is assumed to be in solution 
so that one could hardlx expect a change in actmty coefficient of K. 
sufficient to change this ratio xer>’ much A change m activity of 
h\ drogen ions could hardl} cx-plam a pH shift from the theoretical 
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S 52 to 7 0 and the change in the activity of HCOj" ions nhich Meyer 
hof, Mohle, and Schulz (1932) have found only makes matters worse 

While the theory of Mond and Nctter appears to be incomplete it 
also fits the facts remarkably well in many w ays Without rejecting 
it altogether we prefer to suppose for the present that there is some 
mdependent mechamsm within the muscle which regulates the pH to 
approximate neutrality in spite of the demands of the membrane equi 
libnum Some contmuous supply of energy w ould obviously be neces 
sary for this purpose which might help to explam the resting oxygen 
consumption This suggestion, however, is obviously of little real 
\alue until a detailed mechanism can be offered We arc, however, 
emphatically of the opinion that this equality of pH inside and out 
cannot be explained away by considerations of tissue spaces for 
example but must be mcluded in the theory as an important item 

stniMARt 

1 Analyses were made of the K. and HCOj content, the irritability , 
and weight change of isolated frog sartonus muscles after immersion 
for 5 hours in Ringer’s solutions modified as to pH and potassium 
content 

2 At each pH a concentration of potassium m the solution r/as 
found which was in diffusion equihbnum with the potassium in the 
muscle In greater concentrations potassium moved into the muscle 
against the concentration gradient and vkc versa 

3 The greater the alkahmty of the solution the smaller the con 
centration of the potassium at equihbnum so that the product of the 
concentrations of OH and K in the solution at equihbnum tends to 
remain approximately constant 

4 The pH inside the muscle is approximately equal to that outside 
when first dissected but it tends to change dunng immersion so as to 
follow the changes m the pH of the solution This finding is in direct 
conflict with the theory according to which the high potassium con 
centration inside should be accompanied by an equally high hydrogen 
ion concentration in relation to that outside 

5 The diffusion of potassium into the muscle makes its contents 
more alkaline but the increase in alkahmty is not ah ays, nor 
equisalent to the amount of potassium which has diffused 
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versely, the pH inside can change in either direction according to the 
pH outside without there being any diffusion of potassium Hence 
potassium is not the only penetrating ion 

6 The imtabihty of the muscles is at a maximum in concentrations 
of potassium which are greater than that in normal Rmger’s solution, 
or about 20 mg per cent potassium This optimum does not seem to 
be a function of pH and is therefore not dependent upon the direction 
of movement of the potassium but probably on the ratio of potassium 
outside to that inside 

7 Swelhng of the muscles occurs m solutions which injure the mus- 
cle so as to permit both cations and anions to enter vnthout permitting 
the orgamc protem amons to escape Anion impermeability is neces- 
sary to prevent this same osmotic swelhng under normal conditions 

8 An increase in the CO; tension in muscle and solution causes a 
greater increase in aadity in the solution than in the muscle and leads 
to a loss of potassium One expects therefore a potassium shift from 
tissues to blood comparable to the chlonne shift from plasma to 
corpuscles 
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The diffusion of CO in animal membranes has recei\cd the atten 
tion of but few investigators and the data presented have been m 
adequate and apparently contradictory Krogh (1919) published a 
permeability constant for CO in connective tissue based on a single 
determination He considered his value too high although it is lower 
than a similar constant given by Hagenbach (189S) for CO 2 diffusing m 
20 per cent gelatin Fenn (1928 5) published diffusion coefliaents for 
COj in nerve and muscle and found values considerably lower than the 
diffusion coefficient that he calculated from KiogVs permeability con 
stant Considenng the contradictory results obtained by the above 
authors and the fundamental importance of the knowledge of the rate 
of diffusion of CO* in physiological problems it seemed desirable to 
make a study of the diffusion of this gas in different types of mem« 
branes Two methods of determining the rate of diffusion of CO* in 
tissues and the results of measurements made on connective tissue, 
muscle, and frog skin are given below 

Apparaitis and Methods 

Measurement of PermeabtUty — The method of mcasunng permeabilit> of Ussues 
to COt depends on the fact that small amounts of CO* can be detected b> con 
ductmt> changes in a banum b>droxide soluUon (Tenn 1928 0 ) Essentialh 
the method is to pass CO* of a known tension o\er one face of a tissueand catch 
the CO* that leaves the opposite face in banum hvdrocidc Measurements of 
the conducuvity of the barium solution arc made b> means of a suitable Wheat 
stone bridge and the changes are expressed m cc of CO* at standard pressure and 
temperature 

The apparatus used is shown in Fig 1 It consists of a conductivit> cell with 
two platinum electrodes scaled into the side arm of a bottle fitted with a ground 
glass stopper The brass tube (/t) is scaled Into the glass stopper with de Khotin 
8k> cement Two brass nngs (B) are used to hold the tissue and these fit snug!) 
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over the hp at the base of the brass tube (C) When the tissue is in place, the 
tube (C) IS inserted into tube (A) and the tissue is trapped under the lip of tube 
(C), leaving an area of 0 317 cm ^ exposed for diffusion The gas is saturated 
viith Vvater at the experimental temperature (22°C )and then enters the diffusion 
chamber through the glass tube (£>) The side arm with the stop-cock is open 
until the apparatus has come to temperature equilibnum m ith the v ater bath in 
which the nhole apparatus is immersed 


D 



Fig 1 Apparatus for measunng the permeabilitj of tissues to carbon dioxide 

The values given b) Fenn for the change in conductivitj per c mm of CO 2 
at different specific conductmties of barium h>droxidc have been (1) multiplied 

9 28 

b\ 0 95 to reduce them from 25'’C to 22'’C , (2) multiplied by — to correct for 

3 97 

the difference m cell constants, (3) the ordinates have been multiphed bv — 

to correct for the volume of barium hvdroxide used 

The routine procedure for an expenment is to prepare the tissue in the rings, 
vash veil vith Ringer’s solution, male several determinations of its thiclness, 
and then immediateh mount it in the conductu itv cell containing a knovTi quan- 
titv (6 0 cc) of banum hvdroxide solution The small space betveen the tvo 
brass tubes is v ell sealed vnth v ax and the cell is immersed in a constant temper- 
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ature bath The gas, previousli mixed m two 20 liter bottles is then passed 
slowly through a saturator (also in bath) before entenng the diffusion chamber 
and the whole apparatus is allowed to stand until an equihbnum is established 
20 minutes were found to be suffiaent to flush out all parts with the COj mixture 
and to arrive at the bath temperature The conductivit} of the banum hvdratc 
IS now measured and subsequent readings taken at intervals until the rate of pas 
sage of COj has remained constant for a penod of 2 hours The results are ex 
pressed m cc. of gas (ntp) passing through 3 cm * under a pressure gradient 
of one atmosphere per cm 


Mcasurtmeni of Absorption Coefficients — ^According to Pick's Jaw of diffusion, 
the quantit> of gas (ds) which passes in a time {di) across an area (d) under a 


concentration gradient < 7 --( is given b\ the formula 
{dx) 


ds 


(0 


where (K) is the true diffusion coefficient for the substance With appropnale 


units K has the dimensions 


In order to derive a diffusion coeffiaent 


from the permeability constant ( ^ ■ -r — ^ as delcrmmed by the 

XmiDute atmosphere/ 

banum hjdroxidc method it is necessary to know the absorption coefficient 

( - ■ ) for COj in the (issues Dividing the permeability constant 

Van * atmosphere/ 

bv the absorption coeffiaent the true diffusion coeffiaent (—52 — ) is ob 

\ minute / 

tamed 

A differential \ olumeter of the type used by Perm (1927) was modified as shown 
in Fig 2 for the determination of the absorption coeffiaent The experimental 


bottle (A) has a side pocket (B) large enough to contain 2 5 cc of mercury and 
a side arm with a stop-cock (C) for flushing the bottle with gas A ground glass 
stopper fits into the base of the cxpcruncnlal bottle and during an expenment 
contains a flat piece of aadified (issue stretched over a brass disc and held in 
place b> a split nng The volume of the tissue is determined from the weight 
(speafic gravnl> 1 04) and the thickness determined bj the method desenbed 
below The whole apparatus is immersed in a water bath at 

The tissueis weighed and placed in the stopper The apparatus is thenpheed 
in the water bath and the expenmentaJ bottle flushed out with b% drogen, saturated 
with water at 22®C The stop-cocks arc turned to the position connecting both 
bottles with the capillarj and an cquilibnum established At this stage the tis 
sue IS saturated wath h> drogen and racrcur> is Upped from the side pod ct, trap 
piDg the hjdrogcnm the tissue Thcstop-cod^arcnow turned to permit flushing 
of the bottle with CO 5 minutes arc allowed for thorough washing out of all 
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hj'drogen and then the cocks are turned again to the capillary When equihbnum 
IS again reached (2 to 3 minutes) the mercur}^ is quickly dumped into the side 
pocket and CO 2 is exchanged for the hydrogen in the tissue, resulting in a rapid 
movement of the kerosene drop toward the experimental bottle When the drop 
m the capillary agam comes to equihbnum the tissue has become saturated with 



Fig 2 Apparatus for the determination of the carbon dioxide absorption and 
diffusion coeffiaents for tissues 


CO 2 and the amount required for saturation can be calculated by means of the 
following formula from Fenn (1928 a) 


X 


d 


V. + VrjP-y) 
Vc + d P 


( 2 ) 


where 

X ~ volume of CO 2 (temperature and pressure of experiment) required for 
saturation, 

d = volume of capillar}^ (8 6 X 10-^ cc per cm ) per unit length, 

T'c = volume of control bottle (19 4 cc ), 

Fr = volume of expenmental bottle (30 3 cc ), 

P ~ barometnc pressure, 
y = \ apor pressure in the bottles 

The value a: is corrected to standard temperature and pressure in these experi- 
ments 
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Some detenmnations of the amount of CO2 leaving the tissue have been made 
bj covering the CO2 saturated tissue with mercur> and flushmg the bottle with 
hydrogen WTien the mercury is dumped into the side pocket the COi escapes 
and the kerosene drop moves awa> from the bottle in proportion to the amount 
of COj dissolved 

A correction must be made for the h> drogen leaving the tissue when calculating 
the amount of COj necessary for saturation This correction is onl> small due 
to the low solubihty coefBaent for hydrogen in HjO (0 018 cc./cc ) A further 
correction is made for any constant drift of the kerosene drop pre\aous to dumping 
the mercury and after saturation Such a correction while not large, becomes 
significant over a penod of 20 or more rmnutes The maxiraum rate of movement 
noted was 0 04 cm /minute which in 20 minutes amounts to about 5 per cent of 
the total movement The average drift was 0 02 cm /minute 

Afeasuremcnt of the Diffusion Coeffiaent by the Volumetric Method — In the cx 
penments for determination of the absorption coefficient we have a condition 
where a flat sheet (of known thickness) is suddenly ctposed to a gas and the per 
centage saturation at any time thereafter is indicated bv the position of the kero- 
sene drop Under such conditions a diffusion cocffiaent for the gas m the material 
of the sheet can be calculated bv the formula 


Q 

Qi 


8 _ 


r T* 1 2J 5? 1 -Ui! EJ 


(3) 


taken from the work of Andre\\'s and Johnston (1924) 

Qi IS the total amount of the gas present in the sheet at saturation Q is the 
amount present at the timet a is the thickness o! the Ussue and A thediSusion 
coefficient of the gas 

This equation can be reduced to the simpler form 


a* 


-0 0S51 -0933 log 



(4) 


if all terms but the first are neglected a condition sufTicienll) accurate for present 
Kt 

purposes WTien —5 is greater than 0 1 corresponding to 36 per cent saturation 
a* 

the error is less than 1 per cent 

When the mercury is tipped off the tissue dunng a dctcnrunation of the ab 
sorption cocffiaent a stop w*atch is started and the position of the kerosene drop 
read at intervals of 30 seconds for the first 2 minutes and appropnalcintcrv'als 
thereafter, untfl cquiUbnum te saturation is mched From the position of the 
drop, atan^ time after tipping the percentage saturation can be dcterminedand 
K can be rcadilj calculated from Equation 4 when a is known The position of 
the drop must be corrected for the H* diffusing from the tissue as well as an> 
constant drift as mentioned above The rate at which ITj Icavxs the tissue ma> 
be calculated b> means of Equation 4 assuixung a diffusion coefficient of 28 0 X 
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10"* This figure is obtained by assuming that the rate of diffusion is inversely 
proportional to the square root of the gas density and the coeffiaent ofdiffusion 
for CO 2 IS 6 0 X 10~* A number of determinabons of the CO 2 diffusion coeffi- 
cient in acidified tissues have been made b)”^ this method 

The CO 2 used in all experiments was taken from ciffinders as supphed by the 
Ohio Chemical Company for medicinal purposes This COj is pure within a 
small fraction of 1 per cent by analysis All CO 2 mixtures above 30 per cent v ere 
analyzed by flushing out a capillary tube (with stop-cock) and allowing the open 
end to stand in NaOH The ratio of the height to which the NaOH rises in the 
tube to the total length of the tube gives the percentage CO 2 in the gas mixture 
withm 1 per cent All CO 2 mixtures below 30 per cent were analyzed on the 
Haldane-Henderson gas analyzer 

Measurement of Membrane Thtchtess — Probabl}'^ the greatest source of error 
in all permeabihty and diffusion measurements lies in the determination of the 



Fig 3 Apparatus for measunng the thickness of tissues 

thickness of the membrane used Many preliminarj^ experiments in this work 
have been rejected due to vanability, traceable directlv to errors in the methods 
of measuring thickness The apparatus used in all the experiments below is 
shown in Fig 3 (A) represents the objective of a microscope fitted nith a 

tapered metal pointer and (B) a brass plate mth an elevated disc resting on the 
stage of a microscope An electric arcuit is completed from the pomter to the 
plate through a rheostat and a pair of head-phones An oscillating current is 
furnished by the vacuum tube oscillator (C) The tissue, already in the rings 
(Z>), IS placed over the elevation on the brass plate and the objective is lowered 
by means of the fine adjustment screw (cahbrated) until the pointer just makes 
contact as signified by the hum in the phones By taking alternate readings v ith 
the 3 gm n eight (£) on the tissue and directly on the platform, a senes of figures 
IS obtained the average of which gives an accurate determination of the thickness 
For example, three thickness determinations on the same membrane gave the fol- 
lomng values 0 235 mm , 0 238 mm , and 0 230 mm , each an average of six to 
ten measurements The denation of anj single reading from the mean of ten 
readings seldom exceeds 5 per cent 
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BEStJETS 

Fermcahhly Comtanl — ^Fig 4 shoivs the graph of a typical expen 
merit using the banum hydroxide method for the detenmnation of the 
penneabihty of tissues for CO This graph shows the constancy of 
the rate at which CO 2 passes through a tissue after an initial penod 
required to reach eqmlibnum 

Table I contains a summary of all the determinations of membrane 
permeability obtained by the banum hydroxide method The average 

Crnm/cmVmin. 


J- 


Frog skin Jan. IS, 1932 

J ! I I 

MimO 30 60 90 120 

Time 

Fio 4 Graph showing constancy of the rate at which carbon dionde penetrates 
frog sUn Thictness 0 237 mm , CO tension 734 mm Ilg temperature 22'’C 

thickness of the tissue is given, together with the extreme range The 
tissues decreased in thickness dunng the penod of the determination 
This decrease w as, on the average, 10 per cent of the total thickness 
The fourth column shows the extreme range of COi tensions used and 
the last column the permeability constant together with the probable 
error 

The three determinations on the permeability of rubber were made 
on membranes cut from the same sheet Rubber was chosen as a 
means of checking the rcliabihtj of the method by companson with 
the permeability as determined by other workers The individual 
detcrmmations ga\c the following values 0 47, 0 SO, and 0 47 X 


12-0 


i 6,0 

s 

a. 

o 


40 
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which are in good agreement with the permeability constant 0 44 X 
10"^ as found by Daynes (1920) The deterrmnations on rubber also 
show the variation to be expected using a membrane of constant 
properties 

Twenty-five determinations on frog skin, cut from the belly of the 
frog, gave an average permeability constant of 3 05 X 10"^ with a 
probable error as shown Acidification (4 or more hours in n/10 HCl) 

TABLE I 


Permeability Constants for COz Diffusing in Various Media 



No of 
deter 
minaUons 

Average membrane 
thickness 

Range of 
COa 
tension 

Permeability 
(P) X 10* 

Rubber 

3 

micra 

50 

mm Eg 

84-86 

0 48 

Frog skm 

25 

248 (175-325) 

57-744 

3 05*0 « 

*Frog skin (acidified n/10 HCl) 

4 

283 (270-300) 

722-734 

4 47±o 01 

Connective tissue (dog diaphragm) 

2 

215 (175-255) 

127-148 

2 65 

Frog muscle 

26 

354 (255-500) 

74-731 

5 29" 

Mammahan muscle (dog diaphragm) 

1 

700 

152 

t4 7 

Smooth muscle (cat bladder) 

1 

1 360 

109 

ts 0 

Parchment paper 

2 

233 

72?r-132 

j 1 35 

tParchment paper (NaHCOj) 

2 

1 235 

727-730 

1 54 


Permeability is expressed as cc per cm ^ per mm with a gradient of one atmos- 
phere per cm X 10^ 

Figures m parentheses m Column 3 indicate the extreme ranges of thickness 
of tissues 

* Frog skin soaked for 4 or more hours in n/10 HCl 
t Corrected for connective tissue 
I Parchment soaked for 12 hours in 0 15 m NaHCOs 
All expenmen ts at 22°^^ C 

of frog skin markedly reduces the resistance offered to the passage of 
carbon dioxide as can be seen from the average value of 4 47 X lO'* 
This change may be attnbuted to several factors such as sloughing off 
of the outer epithehal layer, a 5 to 10 per cent increase in water con- 
tent, and general structural changes accompanying precipitation of 
proteins 

hlammahan connective tissue offers slightly more resistance to the 
passage of CO; than does frog skin These membranes were taken 
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from the central tendon of the diaphragms of tno dogs The per 
meabihty was 2 65 X 10~* 

Muscles, both of frogs and mammals, arc more freely permeable to 
COj than connective tissue or frog skin Twenty sue determinations, 
on the combmed extemus and mtemus obhquus muscles from the ab- 
dominal wall of the frog gave an average value of 5 29 X 10“^, uncor- 
rected for the thm layers of connective tissue A correction for 
connective tissue, estimated at 5 per cent of the total thickness, gives 
a valueofS 4 X 10“* Thepermeabibtyseemstovarysomenhatwith 
the season, being somewhat Ion er in the nanter months This differ 
cnce, honever, may be due only to the difference in batches of frogs 
used The single determmations on the diffusion through mammahan 
striated and smooth muscle are not greatly different from the average 
value for frog muscle The values for mammahan muscles have both 
been corrected for the layers of connective tissue The thickness of 
these layers (measured) was equal to 15 per cent of the total thickness 
and the correction made on the basis of the permeability measurements 
given for connective tissue m Table I Allow ance for connective tissue 
raises the pcrmeabihty constant from 4 4 X 10~‘to4 7 X 10”* as given 
The frog muscles were still shghtly irritable at the end of a determi 
nation and the frog skin appeared to be m good condition The mam 
mahan tissues were used directly after removal from the animal and 
were defimtely not “normal” after 2 to 4 hours at 22°C Honever, 
there was no marked change in permeability over this period 
The amount of CO produced by metabolism in the tissue has been 
neglected in the calculation of the above constants, since it forms as a 
maximum only 1 part in 100 of the total gas diffusing 
Absorption Coefficient — ^Diffusion rates expressed ns a permeability 
constant (P) are useful when considenng the diffusion of gases in a 
steady state, t c , when eqmlibnura has been established and the con 
centration gradient remains constant When dealing with the kinetics 
of diffusion, however, Kick’s diffusion coefficient (A = P/a), as given 
above, must be known The determination of the absorption coeffi 
aent (o) presents some difficulty since COj is present both in the phy si 
cally dissolved and in the bicarbonate form If the bicarbonate ion 
assists in the diffusion of COj in the steady state then the diffusion 

p 

coefSaent for total COj will be Jv = — —zwhcreiJisa modifyingfac- 

« "T* 
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tor due to the presence of COz in the form of bicarbonate If the 
bicarbonate ion does not diffuse appreciably we can proceed as though 
it were not present except for the slight salt effect which it may have 
on the solubility of COz The following evidence indicates that the 
diffusion of bicarbonate is neghgible when determining permeabihty 

In order that the permeability (P) should remain constant at differ- 
ent experimental gas tensions, the amount of diflfusable COz dissolved 
must be a linear function of the gas tension That the total COz 
absorbed by tissues is not proportional to the tension is evident from 
the COz dissociation curves of muscle and nerve as determined by Fenn 
(1928 b) Above 50 mm Hg tension of COz, the amount of combined 
COz (bicarbonate) is relatively constant Assuming that bicarbonate 
diffused alone, the gradient or diffusion pressure would be practically 
the same for tensions of COz above 50 mm of Hg This would mean 
that approximately equal amounts of COz would be transported over 
a wide range of expenmental gas tensions and the permeability con- 
stant would vary with the tension used Inasmuch as the perme- 
ability IS found to be constant and independent of tension, it might 
be inferred that bicarbonate contributes but little to the total diffusion 

The expenments on the permeability of parchment paper (Table 1} 
give a further indication of the small part played by bicarbonate in 
the total carbon dioxide transport The first two determinations on 
parchment soaked in Ringer’s solution (bicarbonate free) gave perme- 
abihty constants 1 34 and 1 36 X 10“^ The two determinations on 
the same membrane soaked in 0 15 M bicarbonate solution gave the 
permeability constants 1 52 and 1 55 X 10~*, an increase of about 12 
per cent If such a concentration of bicarbonate increases the rate 
of diffusion only by 12 per cent, it seems reasonable to assume that in 
tissues where the bicarbonate concentration is but one-tenth as great 
(approximately 0 015 m), bicarbonate would contnbute a neghgible 
amount to the total diffusion 

It was thought at first that acidification of the tissue would solve 
this difficulty by removing the bicarbonate However, such a pro- 
cedure (Table I) so lowers the resistance offered by the tissue that dif- 
fusion IS even faster unth only dissolved COz present 

Since bicarbonate contnbutes so httle to the total diffusion, only 
the physically dissolved COz has been considered in the determination 
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of the absorption coefficient This amount may be estimated, assum 
ing that CO 2 dissolves in the tissue as though it were 80 to 83 per cent 
water and the solids w ere inert The carbon diovide absorption coeffi 
aent for water at 22°C is 0 829 cc (Landolt-Bbmstcm tables) On 
this assumption the tissues would take up 0 67 cc per cc at 22°C 
under a pressure of one atmosphere 

The work of Van Slyke (1928) on the solubihty of COj in aadified 
blood corpuscles shows that the orgamc constituents of tissue arc not 
inert but dissolve COj On the basis of Van Slyke’s figure of 0 45 cc 
for the absorption coeffiaent of COi in aadified ox red blood corpuscles 
(717 per cent HjO) at 37°C an estimate can be made of the solubihty 
in aadified muscle or other tissue at 22‘’C Assuming that the tern 
perature coeffiaent for COj solubility in tissues is the same as for u ater 
(—0 017 cc per degree) and correcting for the difference in water 
content, one arnves at the figure 0 77 for the solubihty coeffiaent of 
CO* in aadified tissues This value is higher than the solubility 
(0 67 cc per cc ) as calculated from the water content 

Van Slyke was unable to analyze for COj on aad solutions contain 
ing more than 25 per cent cells due to the viscosity of the solution 
BBs value of 0 45 cc for the solubility in 1 cc of cells was obtained 
by extrapolation from 25 per cent to 100 per cent cells A detcrmina 
tion of the solubility of COj in tissues based on his extrapolated figure 
and requiring correction for temperature and water content is rather 
indirect It was, therefore, thought advisable to make some actual 
determinations of the absorption coeffiaents for COi in the tissues 
used The apparatus and procedure used for this purpose are g ven 
above 

Table II, Column 2, shons the results of the solubihty determina 
tions made on frog skin and muscle aadified unth n/ 10 HCl The 
average value 0 78 cc. per cc for the absorption coeffiaent for COj in 
frog skin agrees almost e.xactl> nith the value calculated from Van 
Slyke’s data on aadified red blood corpuscles and is somewhat lower 
than the coefficient of solubihty for COi in water (0 829 cc at 22°C ) 
as given in the Landolt-Bornstem tables The average value for the 
solubility of COi in acidified muscle is somewhat higher (0 84 cc per 
cc ) The water content of the frog skins inacased on an average 6 
per cent, due to aadification, so that the value for the solubility of COj 
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in normal tissue is probabty someivhat less, 0 73 cc per cc for frog 
skin A smular correction for mcreased water content of muscle 
(average increase 8 per cent) gives a value 0 78 cc per cc for the 
solubility of CO 2 in normal muscle The corrected values have been 
used in all calculations below 


TABLE n 

The Absorphon Coefficients and Diffiusion Coefficients for COz in Acidified Tissues, 
as Determined by the Volumetric Method 


lissue 

1 

Xo of deter 
mmatioiis 

1 

Absorption 

coe£5aent 

Detenmna- 

Uons 

Diffusion 

coeffiaent 

Aadified frog sLm 

Aadified muscle 

11 

10 

0 78^’=^ 

0 84^0 

9 

7 

6 7^-=^ 

6 = 


All determinations at 22°C 
Probable error is gi\ en 


TABLE m 

A''cragcs of Carbon Dioxide Dtffiusion Coefficients Determined by the Barium 

Hydroxide Method 


Membrane 

Vo of deter 
mmauons 

Pcrmcabibt> 

consianl 

Absorption 

coefficient 

Diffusion 

coeffiaent 



xw> 

u /cc 

cm /mtn 
XfO* 

•Rubber 

3 

0 48 

0 93 

0 51 

Frog skin 

25 

3 05 

0 73 

4 18 

Frog skin (acidified) 

4 

4 47 

0 78 

5 7 

Frog muscle 

26 

5 29 

0 78 

6 8 

^luscle (dog) 

1 

4 7 

0 78 

6 0 

Smooth muscle (cat) 

1 

' 5 0 

0 78 

6 4 

Connectii e tissue fdog) 

2 

2 65 

0 73 

3 6 


Permeabihti expressed as cc. per cm * per min under a gradient of one atmos- 
phere per cm X 10’ 

‘Absorption coefnaent based on roblewski’s equation for the solubihty of 
CO 2 in rubber, as given b\ Glazebrook 

Diffiuswn Coefficient — Table III contains the averages of the CO 2 per- 
meabihty constants as determmed by the banum hydroxide method, 
together with the CO 2 diffusion coeffiaents as calculated by means of 
the solubihty coefficients of Table 11 The absorption coefficient for 
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rubber has been calculated from Wroblew ski’s equation (see Glaze 
brook) for the solubility in ivater saturated rubber (a = 1 2779 — 
0 015760 The absorption coefficient for connective tissue has been 
arbitranly taken as equal to that of frog skm 
The figures given for the diffusion coeffiaent indicate that all tvpes 
of muscle offer approximately the same resistance to the diffusion of 
CO On the other hand this gas is very much retarded when passing 


TABLE IV 

The Diffusion of Carbon Dioxide tn Vanons Media 


Medium 

Temper 

acure 

rennea 

bUity 

constant 

Abwn>* 
tl n 

coeQjcient 

Diffusion 

coefildent 



C 

XJO* 

tc ftc 

cm */«<» 


Water 

16 

9 4 

0 99 

9 5 

HQfncr 1897 

Rubber 

17 

0 44 

0 86 

0 51 

Daynes IP’O 

Rubber 

22 

0 48 

0 93 

0 51 

Wright 

Gelatin 20 per cent 

15 

5 9 

1 0 

5 9 

Hagenbach 1898 

Connective tiasue (frog) 

20 


0 73 

5 5 

Krogh 1919 

Connective ti&sue (dog) 

22 

. 27 

0 73 

3 7 

Wnght 

Muscle (frog) 

22 


0 78 

1 17 

Fenn 1928 

Muscle (frog) 

22 

1 5 3 

0 78 

6 8 

Wnght 

Muscle (dog) 

22 

4 7 

0 78 

6 0 

Wnght 

Smooth muscle (cat) 

22 


0 78 

1 6 4 

Wnght 

Nerve (frog) 

22 


0 78 

0 71 

Fenn, 1928 

Frog skfn 

22 

3. i 

' 0 73 

' 4 2 

Wnght 


Penneabilitj is expressed in cc per cm * per min under a pressure gradient 
of one atmosphere per cm X 10* 

The coeffiaent of Daynes has been muIUphcd b> 60 and the coeffiaents of 

Hflfner and Hagenbach multiplied b> to change the units to minutes 

1440 

Krogh s value has been divided b\ and Fcnn s figure multiplied b> the proper 
absorption coefficients to complete the table 

through connective tissue or frog sUn, the diffusion coefficient for 
the«e tissues being only 60 per cent of that for muscle The explana- 
tion for this difference must he m a difference m structure of the tissues 
For instance the muscle probably has a greater percentage of ly mph 
interspaces than skin or connective tissue, and diffusion m such spaces 
should be as fast as in v\atcr (Table IV) 








670 


DIFFUSION OF CO 2 IN TISSUES 


In this connection it should be mentioned that the term difiusion 
coefficient is here applied to a membrane of tissue composed of many 
layers, involving different absorption coefficients and diffusion coeffi- 
cients (Osterhout, 1933) However, the fact that the rate of saturation 
(Fig 6) so nearly follows the theoretical based on an equation devel- 
oped for an homogeneous medium, warrants the use of the term until 
more is known concerning diffusion in each layer 

Fer cent 



Fig 5 Circles show the rate of saturaUon of a sheet of acidified frog skin with 
CO; Curve shows the theoretical rate of saturation when the difiusion coeffi- 
aent is 6 8 X 10-^ Lower line shows the relation betw’een - log (1 - 0/Ci) 
and t in Equation 4 

Dtfuston Coefficiciiis Determined hyVohmelric Method —Fig 5 shows 
the graph of a typical evpenment m which a piece of acidified frog 
skin saturated wath hydrogen, was suddenly exposed to an atmosphere 
of CO 2 in a volumeter The circles show the rate of saturation as 
indicated by the movement of the kerosene drop The theoretical 
rate of saturation at different times as determined by substitution of 
6 8 X 10”* for iT in Formula 4 above is shown by the curve The 
expenmen tal values follow closely the theoretical The points on the 
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lower line represent —log (1 — Q/Qi) plotted against time and they 
fall regularly about a straight hne up to 8 minutes, corresponding to 
90 per cent saturation The slope of this hne is an average value for 
-log(i~Q/Qi) , , 

which when substituted in Equation 4 gives the v alue 


6 8 X 10-* for K, the tissue having a thickness of 0 083 cm 
From Formula 4 it is seen that all values of Q/Qi (per cent satura- 
tion) when plotted against l/a^ should fall on a single curve Fig 6 


Percent 



Fic 6 Graph shows all the cxpenmcnlal points (per cent saturaUon) obtained 
by the volumetnc method on aadified frog skin and muscle plotted against //a* X 
1(F The cunc shows the thcorcucal saturation when the diffusion coefTiacnt 
IS 6 5 X 10“^ at all values of //o* X fO* 


shows a graph of all the experimental points obtamed on aadified frog 
skin and muscle together with the theoretical curve for A ■= 6 S X 10”‘ 
The points fall regularly about the theoretical curve up to 90 per cent 
saturation The last 10 per cent of saturation lags behind the theorctr 
cal rate The reasons for this probably are (1) that the tissues were 
not entirely uniform in thickness over the total area and (2) that a 
small fraction of the tissue was held between a brass disc and a split 
nng approximately doubling the effective thickness at the edges 
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A summary of the difiusion coeffiaents obtained with aadified 
tissues by the volumetric method is given in Table II The average 
coefficient for frog skin is 6 7 X 10“^ and for muscle 6 4 X lO-* with 
the probable error as shown The value for frog skin can be directly 
compared with the diffusion coefficient (5 7 X lO--*) as obtained on 
acidified skm by the barium hydrate method (Table IV) The agree- 


Per cent 



Fig 7 Graph showang the different rates of saturation of non-acidified muscle 
(0 380 mm thick) when exposed to different tensions of CO 2 The lower curves 
show the rate of saturation in atmospheres of 30 per cent and 100 per cent CO 2 
as indicated The broken curv'e shows the theoretical rate of saturation (K = 
6 0 X 10-^) 

ment must be considered good Larger variations in the determi- 
nation of the thickness of a relatively large area of tissue when 
stretched over a brass plate together with the fact that fewer volu- 
metne determinations nere made lead the author to believe that 
the value 5 7 X 10"* is the more exact Acidified muscle tears and 
splits verx’ easily and a satisfactory determination of its permeability 
has not been possible 
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The Rate of Saturation of Non Acidified Tissues 

When base is available for the formation of bicarbonate the rate 
of saturation of a tissue with COj is definitely changed This is 
shown in Fig 7 where the rate of saturation of a disc of frog muscle 
(0 380 mm thick) is plotted against time in minutes The two 
lower curves show the expenmentally determined rates of saturation 
of the same tissue at the COi tensions indicated The upper curve 

Tec cent 



Time 


Fig 8 Graph showing the different rates of saturaUon of a double Ia>cr of 
non aadilicd frog skin (0 610 ram thick) The lower curves show the rates of 
saturation at the COa tensions indicated and the broken cuno the theoretical 
rate of saturaUon (AT « 41 X 10"^) if bicarbonate were not present 

shows the theoretical rate of saturation if bicarbonate were not present 
Fig 8 IS a similar graph for a double lajer frog skin (0 6)0 mm 
thick) The curves given arc typical of twenty two determinations 
on muscle and eleven determinations on frog skin The rate of 
saturation is slower in the presence of bicarbonate and furthermore is 
dependent on the COi tension to which the tissue is ciposed, being 
slower at 220 mm Hg than at 730 mm HgCOj tension 
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It has been assumed that saturation is complete when the kerosene 
drop of the volumeter has reached a constant rate of movement 
After saturation (20 to 30 nunutes) the drop moves uniformly toward 
the experimental bottle at an average of 1 3 mm per minute, rep- 
resenting a CO 2 absorption of 12 c mm per ^ per minute This is 
more than five times the maximum rate of absorption due to phospho- 
creatme hydrolysis when sartonus muscles are exposed to an atmos- 
phere of CO 2 (Lipmann and Meyerhof, 1930) 

It should also be mentioned that after allowing for the large drift 
the amount of bound CO 2 (total minus H 2 CO 3 ) at saturation is ap- 
proximately twice as great as that found by Fenn (19286) and Root 
(1933) at tensions of 70 mm and 220 mm Hg The only apparent 
reason for this discrepancy is that the tissues were stretched tightly 
over a brass disc and in the work quoted they were at rest 

DISCUSSION 

Table IV contains a collection of diffusion coefficients for CO 2 in 
various media CO 2 diffuses in muscle approximately 65 per cent as 
rapidly as in water In connective tissue and frog skin the diffusivity 
IS even slower, about 40 per cent of that in water The diffusion coeffi- 
cient for gelatin is very nearly that for muscle Krogh’s value for 
the permeability of connective tissue is somewhat high as he judged 
Fenn’s “approximate” values for the diffusion coefficients for CO 2 m 
muscle and nerve are too low They were calculated from the experi- 
mentally determined rate of saturation by means of Formula 4 given 
above This formula does not apply when a chemical reaction takes 
place to change the rate of diffusion, in this case CO 2 to bicarbonate 

From Graham’s law, that diffusion is inversely proportional to the 
square root of the molecular density, O 2 should diffuse 1 18 times as 
fast as CO 2 This law holds for these gases diffusing m water and is 
approximately true for diffusion in connective tissue However, 
Krogh’s value (1919) for the diffusion coefficient for O 2 (R = 4 5 X 
10 "*) is less than the diffusion coefficient for CO 2 (6 8 X lO"*) in frog 
muscle This is not a unique exception to Graham’s lav since Dayncs 
(1920) found that H 2 diffused in rubber much more rapidly than would 
be expected m companson vath other gases 
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It IS a pleasure to acknoi^ledge my indebtedness to Professor W 0 
Penn who suggested this problem and assisted me with advice and 
encouragement throughout the progress of the work 

SUMMARY 

1 Two methods are given for measuring the rate of diffusion of COj 
in tissue membranes Methods are also given for the determination 
of tissue thickness and the absorption coeffiaent for COi in tissues 

2 The values obtained for the permeability constant {P X 10‘) at 
22°C for COiin the following tissues are — frogskin, 3 05, connective 
tissue (dog), 2 65, smooth muscle (cat), 5 00, frog muscle, 5 20, striated 
muscle (dog), 4 70 P is expressed as cc per cm * per minute under a 
pressure gradient of one atmosphere per cm 

3 Evidence is presented to show that in a “steady state’’ bicarbo- 
nate contributes a negligible amount to tbe diffusion of COi 

4 The absorption coefEaent for CO m frog skin is 0 73 cc per cc 
and for frog muscle 0 78 cc per cc 

5 In all of the tissues studied the diffusion of COi is slower than in 
water The diffusion coeffiaents {K X 10* m cm Vmmute) at 22°C 
for tissues as compared with water are — water (16°C ), 9 5 (Hufncr, 
1897), frog skin, 4 1, connective tissue, 3 7, frog muscle, 6 8, striated 
muscle (dog), 6 0, smooth muscle (cat), 6 4 

6 The time course of saturation of a tissue with CO is altered in 
the presence of available base Non aadihed tissues saturate more 
slowly than acidified tissues and the rate of saturation is dependent 
on the COj tension 
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FERTILIZATION AJTO THE TEMPERATURE COEFFICIENTS 
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(Accepted for publication, December 22, 1933) 

Since Warburg’s (19, 20) pioneer work on Arbacta pustulosa ex 
tended by Loeb and Wasteneys to Arbacta punciiilala, it has been 
accepted that there is a several fold increase in respiratory rate on 
fertilization Recent work on the latter form (16, 17,21) has set this 
increase as about fivefold The early expenments shotted further 
that the respiratory increase could not be equated to the morphogenetic 
increase, for one could be obtained independently of the other It 
was not, consequently, so revolutionary when other eggs were found 
which showed no respiratory change on fertilization (for details, see 
Needham (12)), or even manifested a decrease (21) The findings we 
present are, m a sense, another step m the same direction, font appears 
that in Arbacta itself the magmtude or even presence of an increase of 
respiration on fertilization depends on the expcnmcnfal temperature 
chosen ' The observation that the temperature coefficient of unferti- 
lized egg respiration drops to a value less than half as great on fcrtiliz 
ing (or cytolyzmg) has led us, further, to conclusions regarding the 
catalytic respiration system of these eggs which turn out to be in full 
harmony with those reached by Runnstrbm (14) from entirely differ 
ent evidence 

Method 

The eggs were prepared and evaluated as described in the preceding paper (/) 
Each lot was then divided into three portions One was left untouched the eggs 

• This w ork w as supported m part bi a grant from The Rockefeller Foundation 
to the Univcrsit> of Chicago 

■Needham (12, p 659) mentions work of FaurC Fremiet hmting at n similar 
situation in Sabellaria 
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TABLE I 
Sample Protocol 

August 7, 1933 Oxygen consumption of A rbacia eggs at vanous temperatures 

Each vessel contams 1 0 cc of egg suspension and 0 2 cc of N NaOH Allowed 
to come to temperature equihbnum before readmgs were taken — ^30 mm 54 
round tnp shakes per mm , arc 5 5 cm 

Values in table are corrected manometnc pressure differences m mm Brodie 
fluid, per hour 

The fertilized eggs did not divide before 110 mm at 14 3°C 

Egg counts Resting 256 X lO’/cc .fertilized 192 X lO’/cc ,cytolyzed 98 X 
1 OVcc Egg diameter average 73 8 /u 


Time 

Fertilized 

Resting 

C} tolyzed 

Temper- 

ature 

Rcstmg 

Ferti 

Iizcd 

Temper 

ature 

K =:^ 

0 878 

K = 

0 838 

K = 

0 9S3 

K ■= 

0 844 

0 763 

B 

K 0 

0 902 

K = 

0 929 

mm 







“C 



"C 

0-20 

14 3 

14 2 

1 8 

2 6 

1 8 

1 0 



30 2 


21-40 

14 5 

15 0 

3 9 

2 7 

07 

1 1 


11 8 

30 3 


41-60 

14 0 

14 1 

3 0 

3 1 

1 0 

0 9 


11 8 

30 5 


(QOi) 

65 4 

62 8 

8 6 

9 2 

9 2 

8 6 

14 3 

41 9 

146 

24 0 

mSm 

13 4 

13 3 

2 6 

2 2 

1 8 

1 2 


10 2 

30 2 


mSm 

14 2 

13 6 

2 4 

2 5 

1 2 

1 2 

m 

10 1 

29 9 


(Qo,) 

63 1 

58 2 

9 3 

7 9 

11 7 

10 3 

14 3 

35 6 

139 

24 0 

0-20 

27 9 

27 2 

iSBI 

11 0 

3 8 

3 7 


10 9 

29 9 



28 1 

27 5 

In 

10 9 

3 7 

3 7 


10 9 

30 0 



28 0 

27 5 

m 

11 3 

3 5 

3 5 


11 0 

29 8 


(Qoi) 

128 

120 

40 6 

36 6 

28 0 

30 9 

21 1 

38 9 

135 

24 0 

0-20 

45 8 

45 1 

30 2 

28 9 

6 0 

61 


11 0 

30 2 


21-40 

44 8 

44 8 

29 8 

30 0 

6 0 

5 9 


10 8 

29 9 


41-60 

45 9 

44 6 

28 6 

29 5 

S 9 

5 8 


10 7 

29 6 


(Qo3 

196 

1S5 

132 

115 

47 3 

48 2 

27 6 

38 4 

136 

24 0 


in a second nerc fertilized b} adding freshl) shed sperm (the excess nas washed 
off after IS minutes), and those in the third were cjtoljzed by adding three 
xolumes of distilled water C>tol 3 Sis was complete within half an hour The 
oxygen consumption of each portion was then determined manomctncall> 
Shaking was at the rate of 54 per minute, arc 5 5 cm , which controls proved 
adequate to insure oxigen equihbnum without injur> (tested fertilization 
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after 5 hours of shaJjng) Readings were made cverj 20 minutes, care bemg 
taken that the manometers were m temperature cquDibnum before starting 
Ahquots of each portion were subjected simultaneouslj to two temperatures 
and one set was subsequently (after 2 hours, usually) run at one often two 
more temperatures. Tests shovicd that the order of exposure to high or low 
temperatures was immaterial and m practice the order was mixed The actual 
\'alues were generall> chosen o\ er a wide range favoring an accurate determma 


TABLE n 

Summary of Data on Oxygen Consumption of Arbacta Eggs at Temperatures beticeen 
andZQS^C 


Dat 

Lower 

InarKr 

ttiue 

Oo. 

HtKhcr 

^0. 

Oio 

Ratine 

F«li 

Gted 

Cyto- 

lyttd 

aturc 


Fml 

Iitrd 

C>to- 

Rat 

ing 

ml 

CylO" 
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July 29\ 

16 4 

14 0 

80 0 

9 2 

18 2 

18 0 

82 6 

m 

4 2 

1 6 

1 7 

‘ 29/ 





21 1 

22 3 

84 5 

lEE 

4 3 

1 7 

1 5 

25 

21 7 

12 5 



30 6 

Kiln 



4 2 



‘ 27 

17 4 

12 6 

96 2 

10 4 

24 2 

28 1 
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18 0 

3 9 

1 9 

1 8 
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21 0 

13 2 

65 0 

8 9 

28 1 

41 5 

mm 

17 1 

4 3 

WWl 

2 1 

2 

26 0 

24 0 

74 4 

14 8 








« 3 

13 0 

8 8 

77 8 

12 7 

24 1 

35 3 

149 

25 5 

io 

1 9 

2 0 

‘ 4 

15 5 

12 0 

79 9 

8 0 

24 0 

29 3 

135 

17 3 

3 7 

1 7 

2 1 

5 

15 0 

11 7 


8 1 

24 0 

38 5 

140 

15 5 

3 8 

1 8 

1 9 

“ 7\ 

14 3 

6 6 

65 4 

8 6 

24 0 

41 9 

146 


4 2 

1 8 


‘ i] 

21 I 

40 2 

125 

29 I 

27 6 

IWiM 


48 

4 1 

2 0 

I 9 

‘ 

13 0 

9 1 

83 5 

11 3 

24 0 

42 2 

135 

21 9 

4 2 

1 7 

1 9 

SJ 

19 9 

39 6 

123 

18 4 

29 9 

139 

222 

37 1 

3 9 

1 8 

2 0 


14 6 

14 2 

iCTH 


24 3 

55 7 

199 


m 
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28 5 

115 

235 


4 1 

1 9 


10 

11 0 

■Q 

68 1 


20 3 

29 2 

139 


4 1 

2 0 


‘ 11 

21 8 

18 9 

94 2 









12 

29 0 

53 6 

111 









Average 

4 1 

1 8 

1 9 


tion of the Qn ratio The temperature of the water bath could be changed 
rapidlj b> the addition of steam or of icc The desired temperature ^\•as mam 
tamed constant ^s-ithm 0 1 C during a run 

RESULTS 

The data of a typical expenment arc presented m Table I It is 
immediate!) evident that at different temperatures the respiration of 
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fertilized, resting, and cytolyzed eggs are in different ratios to one 
another 

Table II summarizes all the data obtained A day-by-day tabula- 
tion is necessary, since the absolute respiration vanes greatly from 



batch to batch of eggs It is apparent that the temperature coelhcicnt 
of the resting eggs (average 4 1) is more than double that of the ferti- 
lized (1 S) or cj-tolyzed (1 9) eggs The ratio of the rate of oxygen con- 
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sumption of fertilized to resting eggs is consequently variable This 
ratio IS plotted against temperature in Fig 1 and is seen to vary from 8 
at irc to 2 at 30°, or, by extrapolation, 1 at 32° Although a single 
straight line can be fitted to the observed points, two straight lines 
mtersectmg at about 21°C , as plotted, afford much better agreement 
That such a break is real, is further supported by its appearance at the 
same temperature in the plot of p for fertilized eggs (see Fig 2) 



The critical thermal increment is, perhaps, a more rational expres 
Sion of temperature relations than the simple Qm (see Crozier (3, 4), 
and Navez (11)) It is obtained from the van’t Hoff Arrhenius 
equation 

V, - V,e 

vhcre V is the veloaty at temperature T, c and R have the usual sig 
mficance, and n is the critical thermal increment The equation is 
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solved graphically, as in Fig 2, by plotting the logarithm of veloaty 
against the reciprocal of absolute temperature, the slope of the re- 
sultant curve IS then — ^ The numencal value of /x, according to 

the onginal theory used in denving the equation, is a measure of the 
energ3^ (in calones per mole) required to raise a reactant to its critical 
level for activity It has been urged, however, (5) that this reactant 
may be the catalyst of a particular reaction, or at least a particular 
catalyst-substrate system (2), which may then be identified by the 
value of ju For a complicated reaction chain, as in cell oxidations, 
the ju value might be that of the slowest (master) reaction The values 
found in these evpenments are famihar ones Those of fertilized 
eggs, 6,500 and 10,800, have, for example, been found for H+ catalyses, 
that of resting eggs, 12,500, for iron catalyses (3) The value for 
cytolyzed eggs is not sigmficantly different from the 6,500 of ferti- 
hzed eggs 


DISCUSSION 

When Arbacia eggs are fertihzed the respiration may be increased 
eight times, at 11°, or doubled, at 29 9° Extrapolation indicates 
that no increase would occur at 32°C Since other eggs are now known 
which do not alter, or actually decrease, their respiration when ferti- 
lized, the interesting question presents itself whether similar tempera- 
ture relations hold for them It is not impossible that, for each egg, 
particular temperatures may be found at which fertilization increases, 
decreases, or does not alter the resting respiration rate At least it is 
clear that temperature as well as speaes must be considered m any 
future generalizations concerning fertilization and respiration, and 
further exploration of temperature coefiiaents in other species and 
conditions is to be aw aited 

It remains to consider the significance of the sharp change in tem- 
perature coefficient on fertilizing or cytolyzing the resting egg This 
change seems of deeper significance than any alteration of the respira- 
tor}' rate, since this latter is vanable and is partly a consequence of the 
coefficient change Also a change in n indicates a shift in the catalytic 
s} stem which w ould not be necessitated by a mere changing of the rate 
This shift, moreo^er, in\olves the onginal egg system since great 
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changes occur in 2 to 3 minutes after fertilization, when the sperm is 
still external to the egg membrane (IS) Also, according to Loeb (9), 
parthenogenetic activation leads to typical changes of fertilization, 
and our own findings show that c> tolysis leads to the same change of 
coeffiaent as does fertilization A particular contnbution of enzjTne 
(or substrate) by the sperm is thus, apparently , excluded, so the sig 
nificant change is to be sought in the egg proper 
It v as early pointed out (1,18) that in a concatenated reaction chain 
the speed of the total reaction is controlled by that of the sloncst 
member, and, further, as temperature, concentration of H+ or other 
substances, etc , are changed, one or another of the individual reactions 
may become the slowest Such an interpretation has been successfully 
applied to many t» vitro reactions (13) In the case of the egg, the 
same total reaction — ^foodstuff plus oxygen forming carbon dioxide, 
etc — continues after fertilization, sometimes at the same rate But 
whether the rate be increased on fertilization or decreased on cytolysis 
or unchanged, the factor limiting this rate is different from that operat- 
ing m the unfertihzed egg A chemical change is further documented 
by the amazing morphogenetic changes released by activation 
Further analysis of the reactions involved remains hypothetical 
pending more expenmentation It is not mthout interest, hon ever, 
to consider in this connection some of the facts regarding activation 
There is evidence that activation depends in part on surface changes 
Agents, like narcotics, which can displace substances from adsorbing 
surfaces, act as activators Heat, also cffectiie, may partly disor- 
ganize surfaces and adsorbed matenal, and moderate surface injury, 
produced by cytolyzing agents (NaOH, hypertonic NaCl), likewise 
activates The activator, then, tends to disorganize existing cell 
surfaces, micellar or membrane, and so liberate for free reaction in 
solution the partly bound and inactive enzyme or substrate Com- 
plete cytolysis would clearly act m the same w ay, though complicated 
by actual destruction of some catalytic material It will be important 

to determine, for example, if the respiration of eggs activated with 
hypertonic saline shows the temperature coefficient of fertilized eggs 
Although non penetrating acids decrease respiration (20), appro 
pnatc treatment with penetrating aads leads to activ ation This has 
been studied espeaally by Lillie (8) for Aslcrtas, and he has been led 
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to the View that increased intracellular aadity (possibly just within 
the membrane) leads to activation Possibly surface disorganization, 
with effective increase of reactants, and increased H+ concentration 
act together in initiating the new events It may be noted that tlie p, 
values of the fertilized egg respiration are numerically those attributed 
to H+ catalyses (3) 

Runnstrom (14) found that carbon monoxide (and cyanide in low 
concentration), while barely diminishing the respiration of unfertilized 
eggs, greatly decreased that of fertihzed ones Urethane actually 
increased resting respiration while cutting that of fertilized eggs to 
about the same level He concluded that a limited contact of respira- 
tory enzyme and substrate detenmned reaction velocity in tlie inactive 
egg, hence that considerable enzyme might be poisoned with no de- 
crease in oxidations With these substances freed to react by col- 
loidal changes in the active egg, the inhibitors manifest their usual 
effect by binding enzyme In exactly the same way, the high tempera- 
ture coefficient of resting eggs might document the inffuence of tem- 
perature on the state of adsorption, while the lower one, of structurally 
disorganized eggs, measures the direct effect of temperature on the 
speed of reaction Change in colloidal state, e g gelation of gelatin, 
or membrane structure, eg in nerve (6), often shows a remarkably 
high temperature coefficient, and the fraction of free reactants released 
from the adsorbed bulk would be similarly sensitive to temperature 
Further temperature studies should help to check these interpretations 

We wish to thank Dr Ralph S Lilhe for his kind assistance 

SUMMARY 

The eggs of A pimclulata have a high temperature coefficient m the 
resting state Qio = 4 1 

On fertilization and on cytolysis the temperature coefficient falls to 
less than half the resting value 0io = 1 8 and 1 9 respectively 

The factor by which ox>^gen consumption increases on fertilization 
is a vanable, its magnitude depending on temperature as veil as on 
egg species It is nearly ten times greater at 11°C and only double 
at 29 9°C By extrapolating to 32°C there vould be no increase on 
fertilization 
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Critical thermal increments common to man> oxidations, 6,500, 
10,800, and 12,500, have been found 
The possible sigmficance of these results is discussed in relation to 
the catalytic mechanisms and structural organization of the egg cell 
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I 

The work of Juhus Sachs (10) pubhshed m 1860, and m particular 
his discussion of the results, served to introduce tno concepts into 
plant physiology, that of minitnal, opDmal, and manmal temperatures, 
and that of the grand penod of secdhng growth Each of these phe 
nomena has received the attention of numerous workers since that 
time but there have been relatively few attempts to combine the two 
fields of interest and to follow the course of grow th of seedhngs cultured 
in darkness at several constant temperatures throughout their entire 
growth penod The work of Sierp (11), Hamada (4), and Silbcr- 
schmidt (12) on the growth of oat coIcopDics belongs in this class, as 
does that of Edwards, Pearl, and Gould (1) on Cclosia crtslala seed- 
hngs Silbcrschimdt also tested pea and ncc seedhngs and contnb 
uted an interesting analysis of the problem 
The present paper deals with the growth of Cucumis mch seedhngs 
m darkness at seven constant temperatures between 15° and 40°C 
inclusive While we have accumulated in this laboratory dunng the 
past 10 years a considerable volume of unpublished observations on the 
effect of temperature on the growth of canteloup seedlings, so far ns 
IS known the only published work on the temperature relations of 
growth m this species are those of de Vnes (14) who found greater 
growth at the end of a 48 hour penod at 37 2° than at any of the other 
three temperatures he tested Gregory (3) has made interesting 
temperature tests of another sort on Cucumis satrus seedlings grown 
in light which indicate a much lower optimal temperature range than 
was found in de Vnes’ eepenments or in those presented here 
687 
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The cultural methods used m the ejcperiments reported here are essentially 
those used m other experimentation on canteloup seedlings reported from this 
laboratory (2, 6, 8) and they may be stated bnefly as follows Seeds from a single 
melon were freed from their testas, weighed, and only those whose weights fell 
between 0 0200 and 0 0240 gm were used They were immersed 1 minute in 
1 1000 HgClj solution, rmsed once, and soaked 3 hours m stenle distilled water 
m mdividual vials They were planted in previously sterihzed glass tubes, 44 cm 
long and 2 cm in diameter, contammg 25 cc of 1 per cent agar (the 30° tubes 
contained 40 cc ) made up m Knap’s mineral salt nutnent solution, instead of 
distilled water as in the other experiments Another difference in the procedure 
used here consisted of forcmg 80-90 cc of air into each tube daily, but comparative 
tests (8) showed that this did not improve growth The tubes were kept in 
darkness m constant temperature chambers and the lengths of the straight portion 
of the h>'pocot>d, exclusive of the curved portion at the top, were measured under 
non-actimc ruby hght regularly at 24 hour intervals from the time of planting 
of the seeds 

The purpose of the present paper is to record the descnption of 
certain expenmental observations made in the course of development 
of the program of mvestigation of seedhng growth and duration of 
life, which has been in progress in this laboratory since 1925, and to 
analyze quantitatively the effect of temperature upon the growth of 
Cucwms inelo seedhngs under a particular set of expenmental condi- 
tions A more extensive senes of expenments of this kind will be 
reported later, m which Cvcmms seedhngs were grown with and with- 
out mineral salts, at five constant temperatures, and in which the 
respective durations of hfe were observed 

n 

Table I shows the mean lengths of Cucimns melo hypocotyls for 
vanous mtervals after plantmg at slx constant temperatures Germi- 
nation and a httle root growth occurred at 40° but the hypocotyls 
did not become differentiated There is a httle irregulanty in the 
20° data near the end of the growth cycle because observations on two 
senes of expenments were combined, in one senes no readings were 
made on the 16th day and m the other none were made on the 17th 
Although the numbers of seedhngs used in these tests are small, never- 
theless there was good agreement between the values within each 
senes and those obtamed by repetition Except at 15° two or more 
senes were run at each temperature and the data were combined 
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The data show that dunng the first 2 days of obsen ed elongation 
of the hypocotyl both the 37 S° and 35° seedlings were taller than those 
at 30°, but their rapid initial growth was not sustained long, and the 


TABLE I 


Mean Height of Cncumis mdo Seedlings at Six Constant Temperatures 


IntcTVtl after plaatlns 


20 

25 

50 
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IflW 
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— 

14 2 


41 4 

25 0 
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2 3 

51 1 

77 0 

89 1 

57 2 
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7 8 

10! 8 

121 5 

127 4 

91 5 

6 


13 7 

242 3 

166 4 

159 2 
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31 4 

176 6 

205 3 

178 2 

B Klfl 
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59 0 

203 4 

225 5 

187 5 

B ™fl 
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92 3 

212 I 

236 9 

191 5 

B tU 

10 


120 6 

219 0 

240 4 

192 8 

B tIS 

11 


143 8 

221 2 

242 8 

194 2 

154 2 

12 


159 5 

223 6 

243 8 

194 8 

-- 

13 

1 0 

167 9 

224 1 
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14 

1 0 

172 2 

— 
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15 

— 

1,3 1 

— 

— 
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16 

2 6 

178 7 

— 

— 

— 

— 

17 

3 6 

177 5 

— 

— 
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18 

5 3 

177 8 

— 

— 

— 
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19 

7 1 


— 

— 

— 

— 

21 

13 0 
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— 
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35 1 


— 
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27 

49 0 


— 

— 

— 

— 

29 

61 4 


— 

— 

— 

— 

31 

69 1 
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— 

— 

— 

33 

72 3 
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— 

— 

— 

35 

73 0 
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— 

— 

— 

37 

73 4 

j^BH 
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— 

— 

— 

No of seedlings 


13 

17 

IS 

17 

11 


30° cultures finally grew taller than anv others Although the 23° 
cultures grew more slowly than at 30° nc\erthelcss they finaUj grew 
nearly as tall At 20° about 4 days were reqmred for differentiation 
and the first apprcaable elongation of the hypocotyl Growth was 
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still slower than at 2S° and the final height was less but thej grew 
more rapidly and to a greater height than at 15° 

If, for purposes of companson, one considers these sigmoid growth 
curves as made up of three portions, a lower part which is convex 
downwards, a nearly straight portion on either side of the point of 
inflection, and an upper part which is concave downward some inter 
esting differences in form among the curves appear The lower por 
tion IS most prominent at the lower temperatures, and as one exam 
incs the curves for successively higher temperatures it becomes less 
conspicuous An examination of the slope of the central portions 
shows that the 30° seedlmgs grew most rapidly of all, and the farther 
removed from 30° either above or below that a tested temperature 
lay, the lower was the maximal growth rate observed As for the 
upper parts of the curves, little difference in form is to be seen A 
study of the increments of growth serves to confirm these relations 
but this does not require further discussion here 
The three dimensional diagram in Tig 1 has been constructed as 
though the curves of Table I had been traced on some material like 
cardboard, then cut out and made to stand perpendicularly and in 
proper order Intcrsectmg these planes at nght angles is another set 
of graphs which shows the heights attained by the hypocotyls after 
growth periods of certam durations at the several constant tempera 
tures This gives rise to a system of three coordinates, the tempera 
turc scale is laid off along one axis, the number of days after the 
planting of the seeds along another, and the heights of the plotted 
points above the plane formed by the first tw o coordinates represent 
the mean heights of hypocotyl growai at a given temperature for the 
period of time indicated The curves passing through these points 
have been smoothed graphically An attempt has been made to 
allow for the effect of perspective m drawing this diagram, a separate 
scale of height, proportionate to the distance from the vanishing 
point on the left, has been used for each temperature, and all the lines 
of the time and temperature coordinates have been made to conv erge 
on two vanishing points, one at the left, and one behind the diagram 
Three dimensional diagrams of this sort hav c been used by Rahn 
(9) to show the temperature relations of enzy me action and similar 
phenomena, and have long been a commonplace of statistical litcra 
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ture, particularly in the writings of Karl Pearson and his associates, 
and of A J Lotka 

An inspection of the transverse planes connecting culture penods of 
the same duration provides a means for comparing graphically the 
relative heights of the seedhngs The high initial growth rates pre- 
vailing at 35° stand out clearly, and the greater relative growth that 
occurs at 30° as time goes on is shown by the slopes of the lines that 
connect the two growth curves Shifts of the optimal temperature 
with time were first reported by Lehenbauer (5) for maize seedhngs, 
and they occur m the data of Talma (13) for Leptdiwn sahvum roots, 
in the work of Silberschmidt (12) for oat coleop tiles, and m particular 
in his expenments on pea epicotyls which had their highest initial 
growth rates at 25° but which attained their greatest length at 12 5°C 
The data of Edwards, Pearl, and Gould (1) for Celosta show similar 
relations as do the present data for Cucmms 

111 

While Fig 1 permits a rough visual appreciation of the effect of 
temperature on growth in these expenments, further analysis is essen- 
tial to an understanding of the matter It is obvious that there are 
many variables involved in the growth of any organism In the 
present case the records taken permit an analysis of three of the basic 
variables in all growth phenomena, namely, yield (here measured by 
length of hypocotyl), time, duration of whole growth period, defined 
as the time from planting to cessation of elongation of the hypocotyl 
and, derivatively from these two, the total tiinc rate of growth (? c 
the amount of yield per unit of time) Study of the data of Table I 
brings out the following relationships 

1 As the temperature deviates from the observed optimum^ (30°), 

* Since the literature indicates a considerable confusion of thought and diversity 
of usage regarding the concept of the opUmum temperature for growth, it may 
be well to state that in this paper we use the term to indicate that temperature 
at which the greatest total amount of grow'th activity occurs Under the con- 
ditions of our expenments with Cucumis inch it is a matter of indifference as to 
whether (a) mean time rate of growth (>ield per unit of time spent in growing) 
or (b) mean absolute \ield Oength of h>pocot>]) at the end of growth, be uken 
as the index or measure of "total amount of groi th activity ” This may not 
ncccssanlv be the case with other speacs or under other experunental conditions 
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in either the plus or minus direction the yield is reduced The minus 
deviations in yield, measured m units relative to the yield at the opti- 
mum, are fairly closely proporbonal to the relative deviation m tem- 
perature (neglectmg signs and having regard to errors of samphng) at 
temperatures near the optimum, but are in excess, prbportionally to 
the temperature deviations, at the outer temperatures remote from 
the optimum 

2 As the temperature deviates in the minus direction from the 
optimum the duration of the whole growth penod tends to be pro- 
longed, again about proportionally (relatively) to the temperature 
deviations at temperatures near the optimum, but in excess at the 
temperatures more remote At temperatures above the optimum 
(so far as the data go) the duration of the growth penod appears to be 
approximately constant and the same as that at the optimum 

3 The above relationships at once suggest that the total lime rale 
of growth (yield per unit of time over the whole growth penod) will be 
found to follow a parabohe relation to temperature, of the general form 

R - » + tr + cr> 0) 

where R = rate as above defined, and T = temperature in C° above 
zero 

This suggested relationship turns out to be the fact, when the rates 
computed from the data of Tabic I are fitted by least squares with such 
a parabola The equation so computed is 

R - 4 864r - 0 0S2r> - S3JZU (lO 

where R = average growth in mm of hyiiocotyl per diem o\ cr whole 
penod of growth, and T = temperature in C’ Putting ^ “ 0 from 

equation (u) it appears that the temperature at which the aacrage 
time rate of growth of Cucumis mclo is at its maximum under the 
conditions of these expenments, is 29 (4°C 

The observations and fitted curve arc shown graphically in Fig 2 

The fit IS an obviously reasonable one, considcnng the magnitude of 
the data 

In the discussion up to this point w e ha\ e taken as a single numcncal 
measure of total growth activity of the seedhng — a logically necessaiy 
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statistic if growth activity is to be related mathematically to tempera- 
ture — the mean total time rate of growth (yield per unit of time) 
as defined above This procedure involves two postulates, namely, 
(1) that the process called growth is a continuous one, at, however, 
widely varymg rates, from the time the dry seed is planted and begins 



Tig 2 Change of time rate of groivth of Cucumis inch \uth temperature 
Circles give the observations, and the smooth curve is the graph of equation (ii) 

the imbibition of water, until the process ends, with the cessation of 
enlargement of the plant In other u ords this postulate assumes that 
there is no biological discontinuity between the processes of germina- 
tion on the one hand and insiblc growth of the plant and its organs on 
the other hand (2) That the mean total time rate of growth (as de- 
fined earlier and computed in the present instance by dividing the final 
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height of the hypocotyl by the whole number of days of growth from 
planting to the cessation of grow th) is a reasonable and elfiacnt single 
numencal mdex of total growth activity WTiile these two postulates 
seem reasonable, it is evident that they are by no means the only 
ones possible in the premises Other measures of grow th rate might 
be taken, germination might conceivably be regarded as something 



Fig 3 Showang the similanty of results under different postulates as to growth 
rates and times 


biologically different from visible grow th, disparate, and discontmu 
ous w ith It Would the results be different so far as concerns the mam 
point at issue — the relation of growth of the seedling to temperature — 
if postulates different from those used above were adopted? 

To test this question three different procedures were tned, in addi 
tion to tlie one already described abov e These w ere 
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I To compute for eacli temperature the mean daily relative growth 
rate for that day by finding the fraction which the absolute mean incre- 
ment for the day was of the growth already attained at the begmnmg 
of the interval Then their daily mean relative growth rates were 
averaged for the whole penod from planting to the cessation of growth 
This procedure corresponds in pnnaple to determining the mean 
instantaneous growth rate over the whole period, but is done on the 
basis of the gross finite differences of the observations, rather than 
upon differentials 

II The same procedure as m I, except that only the period of ob- 
served, measured elongation of the hypocotyl is used, instead of the 
whole period from plantmg to the cessation of growth as m I 

III The same procedure as was used in computing the data of Fig 
2, except that the rates were calculated on the basis of only the penod 
of observed, measured elongation of the hypocotyl 

The results of all four methods of dealing with the data (the original 
method and I, II, and III) are shown graphically in Fig 3, the scales 
of plotting being so adjusted as to bnng all the Imes near together, 
since the interest m the case pertains to relative rather than absolute 
values 

It IS evident from Fig 3 that such differences in theones of the 
growth process, and views of an appropnate measure of the growth 
rate as are embodied m it make no essential or important difference 
in the net result regarding the relation to temperature of growth in 
Cncuims melo seedlings under the conditions of these expenments 

IV 

The data of Table I and Fig 1 indicate that temperature affects 
growth differently in different parts of the whole growth penod or 
cycle The nature of these changes is clearly shown in Table II, in 
which tvo sets of percentages are presented The first of these gives 
the approximate percentage of the final mean total yield at each 
temperature which the plants m that temperature senes have achieved 
at the end of the first quarter, the first half, and the first three-quarters 
of their own total grov th penods If the groiv th proceeded uniformly 
with time, and vas the same relatively in all temperature senes, the 
figures m the left half of Table II would be all 25 on the first line, 50 
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on the second line, and 75 on the third The second set of figures, 
m the nght half of Table IT, gives the approximate percentages which 
the achieved yield in each temperature senes was of the achieved jneld 
m the 30° senes (the opbmum temperature m respect of total yield) 
m one quarter, one half, and three-quarters of the total growth penod 
of each senes The figures show, for example, how the yield of the 
20° senes compared with that of the 30°, when each had accomplished 
one fourth of its total growth penod The percentages are approxi- 
mate m Table II because, m mterpolatmg times and yields, we have 
assumed that growth proceeded at a constant rate between any two 
recorded observations This is not stnctly true, espeaally in some 
parts of the cycle, but the error imphat m this assumption is negligible 


TABLE n 


Approximate Relative Yields (itean Bypocotyl Lengths) at Stated Relative Times, 
and in Proportion to 3CP 1 telds at the Same Relative Times 


PercfQUgo 
total growth 
period 

rereenttges owa total yield 

PerteoUpw of own yield lo 30 yield at 
unertlaUTe times 


20 



ss 

3TJ 

- 

30* 

3S 

30 

3S 

37J 

25 

n 

2 8 

m 

9 8 

21 3 

13 1 

n 

21 0 

97 3 

100 

172 5 

83 9 

50 

S 4 

51 9 

n 2 

68 3 

81 7 

68 1 

3 7 

55 5 

95 8 

100 

95 7 

63 1 

75 

73 1 

95 6 


97 2 

98 3 

96 1 

22 6 

71 8 

91 7 

100 

80 8 

62 5 

100 



100 


too 



72 9 

91 9 

100 

79 9 

63 2 


for present purposes In all of the computations the total length of the 
growth penod is taken as from planting to the cessation of growth 
That IS to say, germination is counted, in respect of time, as a part of 
growth 

From Table II the followang points may be noted 

1 At no temperature did the seedlings in these expenments attain 
25 per cent of their final total yields in the first quarter of their growth 
penod They came nearest to it in the highest temperatures, above 
the optimal 

2 When a half of the total growing penod has been completed the 
seedhngs in all the senes except the 15° have achieved more than 50 
per cent of their final total yields The same thing is true, mutalis 
mutandis, for the first three quarters of tlie total grow th penod, except 










698 


GROWTH or cucraiis MELO SEEDLINGS 


that there the 15° series with 73 1 per cent of its total yield achieved 
IS not significantly below the even 75 per cent 

3 In general it is plain that in these expenments at all temperatures 
aboi^e 20° tlie greatest growth activity was concentrated in the second 
quarter of the total growth period At 20° the same thing was true, 
taking the figures literally at their face value, but the difference be- 
tw'een the grow'th activities in the second and the third quarters at this 
temperature was so small as to be practically insignificant At 15° 
the greatest grownng activity w'as in the third quarter of the cycle 
Also at this temperature the activity w^as much greater in the fourth 
quarter than at any other of the observed temperatures In short, 
as the temperature increased in these expenments the time of greatest 
growing activity tended to be pushed farther and farther back towards 
the beginning of the cycle 

4 The same rule is manifested m another way in the second half 
of Table II At the end of the first quarter of their respective growth 
cycles the 35° seedlings, for ex'ample, had an average yield nearly twice 
as great as the 30° seedhngs, though m the end their jneld was only 
79 9 per cent of the 30° lot 

5 In these expenments temperatures far below the optimum (15° 
and 20°) affected growth activity more adversely in the first quarter 
of the cycle than in any other penod of the cycle Temperatures 
above the optimum (35° and 37 5°) affected grow^th activity more 
adversely in the third and fourth quarters of the cycle than in any 
other part of the cycle 

6 At all temperatures tested and in all parts of the growth cycle 
(save only the first quarter at 35°) growth as measured by yield was 
less than in the corresponding part of the cycle at 30° in these 
expenments 

7 It IS possible that the short duration of the relatively high growth 
rates observed at 37 5° and 35° may be due to a rapid oxidation of the 
available food matenals by the high rates of respiration w^hich one 
may presume these temperatures induce, and which renders the food 
supply inadequate for further growth fairly early in the growth cycle 
The present data, however, furnish no matenal by which this possibil- 
ity may be cruaally tested, and it is therefore idle to discuss it further 
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V 

The results of this study suggest that anything approaching a thor- 
ough understanding of the phenomenon of growth is not likely to be 
reached until we have comprehensive and exact observations available 
regardmg the cellular activities going on dunng the process In so 
comparatively simple a biological structure as a seedhng (simple, that 
IS to say as compared with a human fetus) growth is far from a homo- 
geneous phenomenon Not all parts of the growing organism are 
growmg at the same time, or at the same rate WTiile much progress 
has been made m recent years in getting an understanding ol the 
gross quantitative relations of growth, we still know next to nothmg 
of the real underlying biology of the process, the cellular activities in- 
volved, etc 

Sitmmartztng the results it appears that seedlings of Cucuiius nielo, 
groivn under carefully controlled cxpenmental conditions at seven 
constant temperatures, show the optimal temperature to bo approa 
mately 30°C (29 74° from the graduated data) The mean time rate 
of growth (millimeter increase m length of hypocotyl per dim over 
the rvholc growth penod) is a parabolic function of temperature As 
the temperature increases, within the hmits of these experiments, the 
penod of maximum growth activity tends to fall carher m the whole 
growth cycle 
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THE INFLUENCE OF ENVIRONMENTAL TEMPERATURE 
ON THE UTILIZATION OF FOOD ENERGY IN 
BABY CHICKS* 

Bx M KLEIBER and J E DOUGHERTy 
{From the College of Agriculture University of California Dans) 
(Accepted for pubbcation, December 18, 1933) 

HfTRODUCTION 

The influence of the environmental temperature on the vital func- 
tions of poikilothermic organisms has been extensively investigated 
Van’t Hoff’s rule for the relation of temperature and vclonty of chemi 
cal action has been apphed to physiological problems, for example, 
the development of sea urchin eggs by Abegg and to photosynthesis 
by Matthaei (Verwom, 1922) Crozier (1924-25) and cottorbcrs have 
demonstrated that Arrhenius’ equation for the velocity of irreversible 
chemical processes as functions of temperature expresses very veil 
the influence of environmental temperature on a great number and 
vanety of vital processes in organisms or parts of organisms Sticr 
(1932-33) has shown that one may consider the inhentancc of distinct 
temperature characteristics for the frequency of respiratoiy move 
ments even in mammals at least dunng a time vhen the temperature 
regulation is not yet developed as in new born mice 

Temperature optima have been observed for the development of 
various poikilotherm organisms, as for £ tubcrcuhsts 37-38°C by 
Koch Surface yeast according to J Albaucr grows fastest at 33-34°C , 
for sediment yeast Pederson found maximum grovth rate at 29°C 
(Ma>er, 1927) 

The mam object of the investigation reported m this paper vas to 

* The expcnmentnl work for Ibis studj has been earned out m the Division 
of Animal Husbandr> in cooperation with the Division of I oultn Husbandry 
at the College of Agnculture of the Univcrsit> of California at Davis. It has 
been made possible bj the financial contnbution of the CaUfomia Committee 
on the Relation of Electnatv to Agnculture. 
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UTILIZATION or FOOD ENERGY IN CHICKS 


Study how the environmental temperature affects growth rate, food 
consumption, and the conversion of food to body substance in homoio- 
therms where the environmental temperature has little if any direct 
effect on the temperature of the majority of body cells 
The influence of the environmental temperature on tKe metabolism 
of homoiotherms has been studied mainly on fasting animals to elimi- 
nate influences of food intake on the result of the experiment 
These investigations point to the existence of a certain critical envi- 
ronmental temperature below which a cooling of the environment 
causes an increase in metabolism and above which the metabolism is 
practically independent of changes in the environmental temperature 
The broken line, ahe, on a temperature-metabolism chart (see Fig 1) 
illustrating this behavior of homoiotherms may be interpreted as a 
result of two curves which in the first approximation are straight lines, 
one (inclined) representing the heat requirement for maintaining the 
animal’s body temperature at a constant level, and the other (hori- 
zontal) indicating the minimum heat production of the animal The 
critical temperature Tci is then defined as the temperature at which 
the two lines coincide If the animal is fed, the level of the minimal 
heat production is raised for the amount of the heat increment, or the 
specific dynamic action of that food, C„, and Cp This increase in the 
minimal heat production lowers the critical temperature to Tcs for 
maintenance and to Tcs for full feeding 
The influence of variations in temperature on the animal receiving 
a certain food was studied on dogs by Rubner (1902), who condensed 
the results of this investigation to his so called compensation theory 
According to this theory, the metabolism below the critical tempera- 
ture for the full fed animal Tcs is not affected by food intake (no spe- 
cific dynamic action of the food) Above the critical temperature for 
fasting, Tci, the specific dynamic action of the food is constant, t c , 
independent of the changes in the environmental temperature In 
the region between these two critical temperatures, the specific 
dynamic action increases in proportion to the increase in temperature 
Rubner’s compensation theory seems not to have been given much 
attention in experiments In general, the investigators were careful 
only to keep their animals above the critical temperature in order to 
obtain results independent of temperature changes 
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Fic I Scheme of cuerfi:^ transformations in homoiothcnns as a function of 
environmental temperature The inclined straight line marls the heat require 
ment tc the amount of heat nhich would be necessarj to mainlam the animal s 
bod> temperature \{ the animal were an ordinary thermostat Since the radiation 
depends on the difference of the 4th powers of tcmpcnturcs this line is actuallv 
a cunc Tor sma}i differences in temperature boircvcr, it does not deviate 
considerably from a straight line 

Below the critical temperature, Tci, the heat production of the fasting animals 
follows the line of the heat requirement abo\c that temperature it is independent 
of further changes m temperature (immmum heat production) At highcnviron 
mental temperatures the heat production rises again with rising temperature 
This effect IS omitted m the scheme, 

€•, indicates the spect/tc dinamic action of the food for raamtcmmcc which 
brings the heat production to a higher Ic^cl and lowers the cniical temperature 
to Tct 

Cp illustrates the specific d>namic action of the production food calculated 
to be 33 per cent of the cnergj intake abo\c mamtcnancc 

The difleccace between (he cnergj taken in and the heat prodjccd is tfic net 
cnergj A 

The net cnergj m pet cent of the total food cnerg> is the cffiocnci It is 
maximum at Tct f c , at the cntical temperature for the full fed animals 
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Our Study was undertaken to investigate the influence of tempera- 
ture changes on the energy transformation of fed animals including 
the range below the critical temperature which has commonly been 
avoided Instead of giving definite rations, as has been done in most 
former experiments, we let the animal itself determine the amount 
of food intake In this way, we studied the appetite m relation to the 
en\nronmental temperature, groivth rates, and energy utilization, as 
an important variable which determines in a great many cases the 
actual level of energ}^ transformation in animals 

From our own experience, we know that our appetite is greater in 
cold than m hot weather ^ Thus, if enough food is available, the in- 
creased requirement for temperature regulation at lower environ- 
mental temperatures is paralleled by an mcreased energy intake 
This parallelism is, however, not complete The lower the environ- 
mental temperature, the higher is the heat requirement for tempera- 
ture regulation The energ}'" intake to the contrary cannot increase 
indefinitely because the capaaty of ammals for eating, digesting, and 
absorbing food is limited It is, therefore, to be expected that at 
sufliaentl}’’ low ennronmental temperatures the energy intake of the 
animal can no longer keep pace with its heat requirement and the 
ammal starves to death even though it eats to capaaty The tem- 
perature at which the curve of the heat requirement and the curve of 
intake of metabohzable energy comcide (point a in Fig 1) is the mini- 
mum temperature (T^.n ) under which the ammal is able to maintain 
its life continuously At this temperature, naturally, no energy will 
be available for production of body substance Thus the net energy- 

and consequently the total effiaency of the ammal as a converter of 
food energy will be zero The production of body substance will also 
be zero at extremely high environmental temperatures when the appe- 
tite IS decreased to such an extent that the energy intake covers only 
the minimal heat production for maintenance {d in Fig 1) This 
temperature is the maximal temperature ) which an ammal can 
survive continuously 

Between the two extreme temperatures at which no production can 

^ The contrary is true for grasshoppers which, in an expenment by Parker 
(1930), consumed at 37°C , 2 5 times as much food as at 27°C 

^ Net energi’- = heat ol comhashoa of produced body substance 
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take place because too much energy is lost at one and too httle is taken 
in at the other, there should be a temperature at which the production 
IS maximum, and one at which the total efficiency, t e , the quotient 
of net energy to total energy intake, is maximum In our schematic 
graph. Fig 1, they are both at Tc* the critical temperature for maximal 
food intake 


Mel/tod 

FromabatchofWhiteLeghomchicksSdaj'sofage, five individuals "u ere selected 
and banded as tbe expenmental group and eight as the control group Sex did 
not appreaabl> affect the results smee the number of male and female chicks in 
each of our tmls happened to be almost equal as shovni b> investigation several 
weeks after the tnal when the sex characteristics began to develop Also in 
these >oung birds the differences of sex with relation to growth seem not to be 
considerable according to JuU and Titus (1928) who found that for the first 6 
or 8 weeks the female chicks weighed practical!) the same as the males The 
controls were kept m a brooder which was so constructed that the chicks could 
stay at a temperature of 35 C or go into an outer compartment at room temper 
ature as they chose This choice was somewhat infiuenced by the fact that the 
food was kept m the outer compartment Tbe expenmental chicks were kept m 
the respiration chamber at constant temperature and bumidit) , except for about 
15 rmnutes in the monung and evening, which time was required for obtaining 
the individual weights changing the food and water, and coUccUng the excrement 

Each experiment for one level of temperature lasted 9 da>s and vras follo^vcd 
by the determination of tbe fasting metabolism Tbe expenmenls at the vanous 
temperatures were earned out in the following sequence 38®, 27®, 40®, 32® 21" 
40 C 

The food was considered qualitative!) adequate for cvcr> requirement * For 
lions of 150 gra were weighed and stored in glass jars before the tnal started 
The food was given cvcr> mommg in a food box which was constructed to prevent 


* The food was prepared in pellet form according to the following reape 
Mix 25 parts of ground whole wheat 

25 parts of ground whole >cUow com, 

25 parts of ground whole barlc> 

15 parts of fish scrap with 65 per cent protein 
5 parts of dr> skim milk 
5 parts of ground bone. 

To 100 parts of this mixture add 

2 parts of pulverized lime stone (96 per cent CaCOj) 

} part of salt (NaCl), 

1 part of cod Uver oil 
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the birds from contaminating the food by c\cremcnt The amount of food 
given A\as abundant, intake being limited only by the appetite of the chicks 
The remaining food was taken out in the evening and put into a drjmg oven at 
I05°C for the moisture determination so that the amount of the dry matter eaten 
bv the group nas known for each day No food was given dunng the night 
The excreta were removed every dav from the pan below a false floor of chicken 
wire, dried at 105°C , and ^\clghcd before cold The dned excreta for the nhole 
period of 10 days vere stored in a glass jar and a composite sample v'as analj zed 
Food and excreta were analvzcd for N according to Kjeldahl and for C by the 
method of wet combustion with potassium dichromate The heat of combustion 
was determined in an Emerson fuel calorimeter 



Fig 2 Climatic cabinet eh, chamber, R, refrigerator coil, E, electric heater, 
V, air arculation, B, pressure regulator, K, kymograph drum, S, sample for gas 
analj'sis 

The respiratory exchange of the experimental chicks was determined m a closed 
chamber constructed as a chmatic cabinet (Fig 2) This cabinet is a horizontal 
metal cylinder 91 cm inside diameter and 122 cm inside length covered wuth cork 
for insulation Five electrical heaters (H), each controlled by a separate outside 
sw’itch, are installed in the chamber, giving a total heatmg pow'er of 2250 w^atts 
One of the 500 w'att units is a control element operated by an automatic temper- 
ature regulator A system of brine coils {R) for tlie regulation of the humiditv 
IS mounted m the longer part of the chamber The flow of brine through these 
coils IS under the control of a wet bulb air thermometer inside the chamber which 
influences a diaphragm valve, opening and closing a by-pass in the brine duct 
A fan (F) circulates the air inside the chamber over the coohng and heating si s- 
tems A heavy round door w'lth a thick walled glass window is mounted on a 
hinge at the front of the chamber and may be screwed against a rubber gasket 
for an air-tight closure 
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The afr-condiUonujg devices produce regulator) oscillations of the tempera 
turc and humidit) inside the chamber vkhich would cause resultant fluctuations 
m air pressure if the volume remained constant If there is the shghtcst leakage 
these variations in pressure tend to cause an exchange between the air in the 
chamber and the air outside These changes in pressure are pracUcall) avoided 
bv a regulator (B) providing a calibrated buffer volume 

A sample of the air in the chamber is taken at the start and at the end of a 
period This gas sample is analyzed for COi and Oj in a modified Haldane ap 
paratus (Kleiber, 1933 h) 

The volume of the chamber has been determined b\ mtroduang volumetn 
call) measured amounts of COj from a bomb and determining the difference in 
COa concentration thus effected it has also been measured bv burning known 
amounts of ethyl alcohol m the chamber and determining the mcrcase in COa 
concentration due to this combustion In five tests b> introduction of COa gas 
the volume was found to be SilO zk 13 5 liters In seven tests with combustion 
of alcohol, the determined v olumc was 89S ±.119 liters 

RESULTS 

(a) Influence of Temperature on the Growth Rate of Bahy Chich 

The chicks were weighed individually each morning after having 
been 1 2 hours without food, and every evening The a\ crage morning 
weight for all cxpenmcntal groups at the start of the experiment was 
55 gm. WTth extremes from 53 to 58 gm At the end of the expenment, 
the body weight of the 15 days old ducks differed considerably accord 
ing to the temperature at which they had been kept, ranging from 79 
gm each for the group kept at 40®C to99gm each for the group kept 
at 21°C 

In Tig 3 the average growth rate for 6 to 15 days of age is plotted 
against the environmental temperature The growth rate of all con 
trols for which, of course, the absassa has no meaning, is averaged and 
drawn as a dotted line ^ From the value for the growth rate of the 
cxpenmental chicks the solid curve is interpolated The curve shows 
a tendenty to reach a maximum which however, would be at a tern 
perature lower than 21°C 

The curve of the grow th rate of the experimental chicks reaches the 

* The growth rate of the controls simulates a rehlion to the temperature at 
whicli the cxpenmental chicks were kepi The dot and dash line m Fig 3 is 
the result of interpolation bj the method of least squares This line used as a 
basis of companson leads however to the same conclusions os the line which 
expresses the average of the controls. 
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average level of the growth rate of the controls at a temperature be- 
tween 32°C and 38°C 

At an environmental temperature above 32'’C , the expenmental 
chicks had a lower rate of growth than the corresponding controls 
Below this temperature the growth was the more stimulated the lower 
the environmental temperature 
Gm 



Fig 3 Growth rate and air temperature 


Since the daily increase in weight in growing ammals depends on the 
weight itself, the relative rate of growth is more satisfactory than the 
absolute rate for comparing the velocity of growth in animals of dif- 
ferent size 

The relative rate of growth for our chicks has been calculated ac- 
cording to the definition given by Brody (1926-27, p 641) for the 
accelerating phase of growth 

dW 

~=^hW 

dt 

The meaning of the terms in our calculation was 

W = body weight in grams 
t = time in days 
k = relative rate of growth 
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The integrated form of the function 

k - - 2 J0259 

(■ - (i (i - li 

has been used, basing the calculation on the weight at the age of 5 
days, the average of the weights at 10 and 11 days, and the weight at 
IS days of age 

Table I shows the results of this calculation The relative growth 
rate is greater the lower the environmental temperature In all but 
one case (38°C ) the relative growth rate is higher in the second penod 
(10 5 to 15 days of age), than in the first one This behavior is also 


TABLE I 

Relative Groutti Rale of Experimental Chicks According to Brody s Formula 


Air temperiture 

1 Per cent growth per d»jr (1001) daring the period ol age ol 

6-10 5 d y» 

10 S IS daya 

6-1 S day# 

C 




21 

6 2 

6 9 

6 5 

27 

5 7 

6 6 

6 2 

32 

5 8 

6 4 

6 1 

3S 

4 9 

4 4 

4 6 

40 

3 8 

4 6 

4 2 

40 

3 5 

5 5 

4 5 


found in the controls except that the controls for one tnal out of 6 
had a slow cr relatn e rate of grow th in the second period All other 
chichs showed an acceleration of growth with increasing age greater 
than that which is to be expected according to the assumption that the 
rate of growth is proportional to the weight The a\ erage relativ c 
rate of growth for the control groups was 4 78 per cent per day of tlic 
second period (10 S to IS dajs old) and S 17 per daj of the period 
from 6 to 15 daj s of age Our expenments thus confirm the statement 
of Brody (1926-27, p 646) that “fowl grows at 5 per cent per da> up 
to 3 weeks ” 

(i) Influence of Temperature on Food Consumption and Excretion 
A^atlabtlily 

The increased rate of growth wath the decrease in the temperature 
of the surrounding air is paralleled b> an increased appetite Tabic 11 
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contains the mean results of the food consumption per chick for the 
first and second period as well as for the entire time of the expenment 
Since the food consumption depends on the body size and the aver- 
age weights are considerably different, it is advisable, for the com- 
parison of the appetite at different temperatures, to reduce the data 
to comparable body size The 3/4 power of body weight has been 
found to be most suitable as a basis for companson of the metabolism 
of large and small animals (Kleiber, 1932) There is a close relation 

TABLE II 


Food Consumption, Excretion, and Availability at Various Temperatures 
Grams Dry Matter per Day per Chick 


Age 

Air temperature, “C 

21 

27 

32 

38 

iO 

40 

days 

Food, em 

11 88 

11 22 

10 70 

8 16 

7 48 

6 54 

6-10 

ExcrcUon, gin 

4 72 

4 34 

3 95 

2 97 

2 78 

2 52 

Available, gm 

7 16 

6 88 

6 75 i 

5 19 

4 70 

4 03 


Availability, per cent 

60 3 

61 3 

63 1 

63 7 

i 

62 8 

61 3 


Food, gm 

18 18 

15 38 

12 27 

■ 9 30 

8 40 

9 36 

11-15 

Excretion, gm 

' 7 14 

5 86 

4 55 

3 33 

3 12 

3 44 

Available, gm 

11 04 

9 52 

7 72 

5 97 

5 28 

5 92 


Availability, per cent 

60 7 

61 9 

62 9 

64 2 

62 9 

63 3 


Food, gm 

15 03 

13 30 

11 69 

8 73 

7 94 

7 95 

6-15 

Excretion, gm 

5 93 

5 10 

4 32 

3 IS 

2 95 

2 98 

Available, gm 

9 10 

8 20 

7 37 

5 58 

4 99 

4 97 


Availability, per cent 

60 6 

61 7 

63 0 

64 0 

62 8 

62 5 


between metabolism and food consumption (Kleiber, 1933 a), there- 
fore the 3/4 power of body weight should also be a suitable basis for 
comparing levels of food consumption 
The food consumption per in these trials is very nearly a linear 
function of the air temperature The relation between Ft representing 
the intake of grams dry matter per unit of the 3/4 power of the body 
weight in kilos and the environmental temperature in degrees Centi- 
grade may be expressed as follows 

Fi = 81 0 -h 2 15 (32 2 — /) for temperature below 32 2°C 
= 81 0 -f 2 24 (32 2 — /) for temperature above 32 2°C 
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It IS surpnsing that this proportionahty between temperature and 
food consumption should enst over such a considerable range of tern 
perature Since the maximum amount of food uhich can be taken in 
and digested per day must be him ted, it was to be expected that toward 
the lower temperatures, the curve of the food consumption should 
approach asymptotically this maximal food capaaty (sec Fig 1) 
More rapid decrease in food consumption with increased air tempera- 
tures above 38°C was also expected It seems to follow from the 

TABLE in 

Litert COi Produced per Day by Baby Cbtcks 


Air tmpcislsic C | 21 | » | 31 | II | 40 | 10 


(a) Per chick 


1st period 

6-10 dai^s old 


4 03 

3 62 

2 98 

2 73 

2 46 

Sod period 

11-15 da>soId 


5 95 

4 57 

3 64 

3 10 

3 38 

Total tnal 

6-15 days old 

fid 

5 00 

4 21 

3 35 

2 92 

2 98 


(b) Per kg body weight 


1st penod 

6-10 days old 

85 0 

63 3 

56 4 

50 8 



2nd period 

11-15 da> 8 old 

83 3 

68 5 

55 5 

50 0 

id 


Total trial 

6-15 days old 

84 1 

65 9 

55 8 

50 4 

Id 



(c) Per kg v* of wcigbpa 


1st period 

6-10 da) s old 

42 4 

31 8 

28 5 

25 1 

23 3 

21 5 

2Dd penod 

11-IS da) s old 

44 4 

37 3 

29 8 

26 0 

22 6 

24 2 

Total tnal 

6-15 days old 

43 4 

34 5 

29 3 

25 6 

22 9 

23 0 


results of these expenments that at extreraclj high or loM air tempera 
tures, the food intake as a function of this temperature must change 
abruptly 

The amount of dry matter consumed daily per kilo of bod> w eight 
ranges from 120 gm ntdO’C toIOOgm at21‘’C If it is assumed that 
the bod> of the chick contains 30 per cent dry matter, it follows that 
at a temperature of 21°C the chick cats daily 2/3 of the amount of dry 
matter in its own body The increase in body weight per gram dry 
matter of food consumed shows a maximum of 0 373 gm gam per gra 
food at 32°C dropping to 0 325 gm at21°C and0 324gm utdO^C 
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The excreta of the chicks contain the non-digested part of the food 
as well as the secretion of the unnary system They are therefore 
not comparable to the feces of mammals One manifestation of this 
difference between the tn o kinds of excreta is the fact that the energy 
content as well as the C content per gram dry matter in the chick 
excreta are lower than the corresponding contents of the food 
Calculated per 100 gm dry matter, the food contained 41 2 gm C, 
while the C content of the excreta varied from 34 3 gm to 38 0 gm 

Per cent 



Fig 4 Availability and air temperature 

with an average of 36 3 gm The corresponding energ)'- content of 
the feed was 432 Cal while the excreta contamed an average of 
only 371 Cal with vanations from 361 to 386 Cal In herbivorous 
mammals, to the contrary, the energy and C are more concentrated 
in the feces than in the food, mostly due to the fact that the hgnin, 
which has a high concentration of energy and carbon, is practically 
non-digestible The nitrogen, on the other hand, is increased in the 
excreta of the chicks (4 1^ gm N per 100 gm dr}'- matter as compared 
to 2 89 gm N per 100 gm dry matter in the food) 

We do not attempt to determine digestibility in these chick tnals, 
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but use for companson a conception which is better adapted to nutn 
tion work with birds and to which we give the name avatlahthiy of the 
food K per 100 gm dry matter of food eaten, 40 gm are excreted 
as feces and unne, 60 gm dry matter remain a atlable for combustion 
or for the production of body substance, then the availability of the 
dry matter is 60 per cent The availabihty is giv en in Table II The 
results for the first and second periods of each single tnal are in very 
close agreement The mean availability for both periods is plotted 
against the environmental temperature m Fig 4 
At an air temperature of 38°C , the availabihty is 64 per cent, the 
maximum in our experiments With decreasmg temperature it drops 
at the average rate of 0 12 per cent per degree drop in temperature 


TABLE IV 

Respiratory Quotient of Full Fed Baby Chicks at Different Temperatures 


Air 

t«s]per«(urr C 

21 

27 

32 


10 

10 

Ag« 

Dir 

Nliht 

Dax 

KIsbl 

D»r 

MUbt 

C.y 

Kltbi 

Di, 

Milt 

t)»y 

Nixbt 

dflyt 

6-10 

MM 

■ 

1 036 

■ 

1 053 

H 


0 99S 

M 

■ 

H 

■ 

11-15 

1 on 


1 157 



MSS 




[■9Q 


6-15 


0 925 




1 92S 

[ByiQ 

Kg 

jj||3 


3Q9 

Day and 













night 

0 971 

1 018 

0 990 

1 012 

0 966 

0 979 


At temperatures above SS^C the availabihty is also decreased to an 
average of 62 7 per cent at 40°C It remains to be studied whether 
the drop in the availability with decreasing temperatures is the result 
of the increasing amount of food consumed, which would parallel 
unpublished results obtained by the senior author on rabbits and 
sheep, which show a decrease in the digestibility wath an increase in 
food consumption 

(c) Influence of the Environmental Temperature on the Respiratory 
Exchange 

Like other homoiotherms, the baby chicks respond to a lowering of 
the environmental temperature with an increased metabolism This 
behavior is dearly shown in Table HI 
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At 40°C one chick of 6 to 15 days of age produced a daily average 
of 2 95 liters COo With every drop in temperature, without excep- 
tion, the average daily CO 2 production was increased. At 21°C the 
respiratory exchange was twice as high as that at 40^0 , reaching a 
level of 6 25 liters COo The same behavior is shown if the daily COa 
production is calculated separately for the first and second periods of 
the experiment Essentially the same result is obtained if the COa 
production is calculated per kilo of body weight It ranges, for the 
total period (6 to 15 days of age), from 45 6 liters CO 2 per kilo at 40°C. 
to 84 1 liters CO 2 per kilo at 21°C , where the daily loss of 165 gm of 
CO 2 per kilo of body weight amounts to more than SO per cent of the 
dry matter contained in the body of the chick 

Calculated to the 3/4 power of the body weight, the daily CO 2 pro- 
duction of the chicks increased from 23 liters CO 2 per kilo®/'* at 40°C 
to 43 4 liters per kilo^/^ at 21°C At 38°C the chicks produced daily 
25 6 liters CO 2 per kilo^^'* 

In four beef heifers in another experiment, the daily CO 2 production at full 
feed amounted to 24 2 liters per unit of the 3/4 power of the body weight Since 
the temperature of 20°C , at which the heifers were kept, corresponds better, 
physiologically, to 38°C for baby chicks than to a lower temperature, the com- 
parison seems to indicate that the respiratory exchange of our bab}' clucks was 
in agreement with the rule that the metabohsm per unit of the 3/4 power of the 
body weight of warm blooded animals is independent of bodj' size 

During the experiment, tlie daily CO 2 production per unit of the 3/4 
power of the body weight increased at an average daily rate of 1 3 
=fcO 5 per cent of the mean CO 2 production for the total period of 9 days 

This increase in the respiratory excliange with increasing age is somewhat 
comparable to the mcrease in metabolism of children According to the measure- 
ments of Benedict and Talbot (1921) the basal metabolism of boys increases 
during the period of 6 months to 18 months of age 14 per cent of the value of the 
age of 1 year The corresponding increase for girls is 15 per cent If it can be 
assumed that the metabolism of the chicks at full food is a certain multiple of 
the basal metabolism, then it would follow that the per cent increase in metab- 
ohsm in children m 1 year is of the same magnitude as that of the baby chicks 
in 12 days The ratio of 1 year human life to 12 days chick life seems to be of 
the same order for sex matunt}'' 

The respif atory qiiohent vanes little for different temperatures, as 
shown in Table IV There seems to be a tendency for the R Q to be 
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lower at the extremely low and high air temperatures hluch more 
marked than the vanation at different temperatures is the a anation 
m E Q between da> and night It seems natural to explain this dif 
ference by the fact that the chicks ate no food during the night 
TheaverageEQ of all the day runs isl 033 ±0 010, and the average 
of the night runs 0 924 ±0 010 The fact that the R Q during the 
day is higher than umty may be related to an intensive production of 
body fat from carbohj drates Dunng the night, the chicks were 
without food and their low erR Q indicated a decrease in fat production 
The metabolism of the birds dunng the night, however, was far from 
fasting metabohsm, since 24 to 36 hours after the last food the chicks 
had a respiratory quotient of 0 734 ±0 009 (Table VII) 

(d) N, C, and Energy Balances 

For the sake of economy of space the twenty seven tables giving 
the N, C, and energy balances are not pnntcd From the composi 
tion of the food and feces, and the amount of dry matter eaten and 
excreted daily, the amount of N, C, and energy' taken m and excreted 
daily IS calculated The difference between the intake and excretion 
IS the amount of N, C, and energy which is available for combustion 
or production of body substance The amount of C lost as COj 
IS calculated from the result of the respiration trial For each liter 
CO given off by the animal, 0 5359 gm C is subtracted from the av ail 
ableC The rest IS the carbon stored in the body (net) The amount 
of protein gamed is calculated by multiplying the figure for the av ail 
able N by 6 25 The amount of C contained in the stored protein is 
3 25 bmes the amount of av ailable N The amount of C m protein is 
subtracted from the total amount of C stored, and the rest is the 
amount of C in the produced body fat, which contains 76 5 per cent C 
The net energy is obtained as tlic sum of the heat of combustion of 
the stored protein (1 gm protein =57 Cal )‘ and the stored fat (1 gm 
body fat = 9 5 Cal ) The heat production of the animal is calculated 
as the difference between the available energy and the net energy 

The heat production of the birds was larger in the second period of 
the trial, corresponding to the increased respiratory exchange which 
has already been discussed The influence of the envaronmcntsl ism 

® In this paper the energy is expressed throughout in Ulogram caloni 
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perature on the heat production is very consistent In both penods, 
the heat production of the animal was greater the lower the air tem- 
perature Table V gives the summary of the results on energy metabo- 

lism obtained per chick for the total duration of the expenment 
As the temperature is increased above 32°C the heat production 
IS decreased at the same rate as the food consumption At the ex- 
tremely low temperatures, the food consumption seems no longer to 
keep pace with the increase in metabolism At 21°C the food intake 
was increased to 128 per cent, the available energy to 121 per cent, 
the heat production, however, to 153 per cent of the value at 32°C 
This observation seems to confirm the hypothesis that with lower tem- 


TABLE V 

Energy Transforntaiion in Full Fed Baby Chicks for the Period of 6 to 15 Days of A ge 


Air temperature, "C 


Average body weight, gm 
Average units of 

Energy in food per day per chick, Cal 
Energy in excreta per day per chick, Cal 
Available energy per day per chick, Cal 
Heat production per day per chick, Cal 
Net energy per day per chick. Cal 


21 

2 ? 

32 

38 

40 

40 

74 2 

SI 

71 7 

65 1 

64 0 

64 5 

0 142 


0 138 

0 129 

0 127 

0 128 

65 2 


51 1 

37 5 

34 1 

34 5 

22 9 

18 8 

16 1 

11 4 

10 8 

11 1 

42 3 

37 8 

35 0 

26 1 

23 3 

23 4 

35 4 


23 2 

17 4 

15 9 

17 4 

6 9 

n 

11 8 

8 7 

7 4 

6 0 


perature, the heat production tends to approach the energy intake, 
since the latter is naturally limited 

The net energy shows a maximum of 11 8 Cal per chick per day at 
32°C decreasing to 6 9 Cal at 21°C and an average in two tnals of 
6 1 Cal at 40°C The energy transformation of the baby chicks as a 
function of the air temperature is illustrated in Fig 5 In order to 
avoid in this graph possible influences of body size, the energy exchange 
IS calculated per unit of the 3/4 power of body weight The energy 
intake appears to decrease in proportion to the increase in the air 
temperature at a rate of — 10 4 Cal per °C The available energy , 
however, shows the tendency to reach a maximum at low environmen- 
tal temperatures It seems to foUow from these two curves that in 
baby chicks the expected hmitation of energy intake is a question of the 
digesting or absorbing power of the intestinal tract rather than of the 
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appetite The curve for the heat production of the animals is bent 
in the opposite direction to that for the available energy Bj extra- 
polation of these two curves a point of coincidence is found between 
15°C and 20°C At this temperature the animal would lose as much 
energy m the form of heat as it can make available from the food, 
therefore, no body substance could be produced The net energy at 
this low temperature would consequently be zero It reaches its 
maximum at 32°C and drops as the temperature of the ennronment 



approaches the body temperature which, according to set eral measure 
ments after the trial, was 41 7°C 

(c) Composthon and Energy Conitnl of the Gam in Body Suhslancc 

Thecnergj mctahohsmol oar cbickshashccn cahuhtedon Ihchasts 
of the C and N balances assuming that the mam organic constituents 
of the gam m body substance arc protein and fat Tabic \T shoas 
the influence of environmental temperature on the dail> production 
of these two groups of compounds The storage of protein w as higher, 
as was the gam in body weight, the lower the outside temperature 
The production of body fat, on the other hand, had a maximum at 
32°C air temperature, fallmg almost to zero as the temperature de 
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creased to 21°C and also dropping considerably with increasing tem- 
peratures above 32°C The daily gain m net energy by no means 
paralleled the growth rate (m terms of body weight) At 21°C air 
temperature with the highest gain in weight, the storage of net energy 
was next to the lowest obtained, the maximum being at 32°C This 
result shows that the body weight is no general cntenon for the effect 
of food on energy storage m the animal 
The question may be raised whether the gain in weight or the gam 
in energy is a more adequate expression for growth If the deposition 
of body protein is considered an important charactenstic of growth, 

TABLE VI 

Compostiton and Energy Content of the Daily Gain of Baby Chicks at Various 

Eimronmcntal T emperatnres 
Period 6 to 15 Days of Age 


Alt temperature, °C 


21 

27 

32 

38 

40 

40 

Daily gam m body weight, gm 

4 

88 

4 

64 

4 

39 

2 

97 

2 

74 

3 

il 

Daily production of body protem, gm 

1 


1 

Dja 


97 


79 

a 

69 

m 

67 

Daily production of body fat, gm 


06 

0 

44 


67 

0 

44 

a 

37 

0 

24 

Daily net energj^. Cal 

6 

9 

m 

4 

11 

8 

8 

7 

7 

4 

6 

0 

Per gm increase m body weight 













Body protem, gm 

a 

225 


233 

0 

221 

3 

266 

a 

252 

a 

217 

Bodj' fat, gm 


012 


095 


153 


148 

II 

135 

0 


Inorganic matter {mostly water), gm 

a 

763 


672 


626 

3 

586 

a 

613 

a 


Energy, Cat 

1 

41 

2 

24 

2 

69 

2 

93 

2 


1 

94 


then the gam in weight would be preferred to the gam in energy It 
IS seen in Table VI that the gam in protein changes only from 0 22 
gm to 0 27 gm per gm increase m body weight No mfluence of the 
environmental temperature on the protein content of the gam m body 
weight seems to exist Such an influence on the gam m body fat per 
unit of gam in weight is, however, very marked The greatest gam 
of fat was made at a temperature of 32°C , 0 153 gm fat being 
deposited per gram increase m weight The increase m weight at 2 1°C 
contained only 1 per cent fat and consequently a higher water content 
(76 3 per cent compared with 58 6 per cent at 38°C ) The gam at 
3S°C had the highest concentration of energy, 2 93 Cal per gm of 
increase in weight, compared to 1 41 Cal at 21°C 
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(J) Basal Metahohsm 

The basal metabohsm of the chicks ins been determined at the end 
of each tnal, starting in the evening nhen the chicks had been mthout 
food for 24 hours, and ending the follomng morning The results of 
these etpenments, calculated to 24 hours are given in Table VII The 
heat production is calculated from the oicygen consumption, using a 
standard of 4 7 Ca! per liter of oxygen consumed The basal heat 
production is increased as the outside temperature is decreased It 
IS to be expected in -svarm blooded animals that above a certain so 
called entical temperature of the environment, the metabohsm is mde 
pendent of changes in this temperature hjo evidence of such a cntical 


TABLE vn 


Basal MtlabaUsm of Baby Chicks at Various Tcmpcraltires at 16 Days of At^e 


All tna 
persture 

No ot 
eepenment 

Body 

H» kgV 

Dally i«rJratofT 
exc^n^e 

»») 

DaDy Ijcai prodoctloff 

COt 

Or 

PfreUai 

TttU 

Tct W9 « 

C 




hurt 

IUt$ 


ui 

tsi 


21 

11 



3 28 

A 32 

0 76 

20 3 

237 


27 

7 

88 0 


WkM 

3 52 

0 71 

16 5 

186 


32 

9 

84 3 


2 14 

3 01 

0 71 

14 1 

167 

90 

38 

C 

73 1 


1 81 

2 48 

0 73 

11 7 

160 

83 

40 

8 

73 9 

0 142 

t 12 

1 53 

0 73 

7 2 

98 

51 

40 

12 

74 4 



2 11 

0 71 

9 9 

1j3 

70 


temperature nas found Considering the relalncly large variations, 
the number of expenments is not adequate to conclude that no such 
cntical temperature exists for the metabolism of these young birds 
If a cntical temperature exists it is safe to state on the basis of our 
tnals that it is considerably higher for baby chicks than adult chickens 
which Mitchell and Hames (1927 o) found to be 16 7°C 

The average figure for the basal metabolism of our chicks at 38 C ami tO“C 
is 68 Cal per kfloV* From the measurements of Mitclicll ami flames (t927 h) 
It foUoas that the basal metabohsm of their mature hens amounted to an nwrage 
of 6t Cal per kiloi/* The corresponding figures per unit of neight are 130 
Cal per kUo for the babv chicks and 54 Cal per kilo for the mature hens This 
comparison shows that the metabohsm of fowls of different sue is more closely 
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related to the unit of the ^ power of the weight than to the unit of weight it- 
self, which IS in accordance with the results in other homoiotherms as discussed 
in an earlier paper (Kleiber, 1932) 

(g) The Heat Increment of the Feed at Various Temperatures 

From the figures for the basal metabohsm and the metabolism at 
full feed the heat increment (Armsby) or specific d 3 mamic action 
(Rubner) of the feed has been calculated in Table VIII For this 
calculation, it had to be considered that dunng the test for the basal 
metabohsm the birds were heavier and older than in the average dunng 
the period of full feed In order to eliminate the discrepancies in 


TABLE vni 

Heat Increment of the Food of Baby Chicks at Various Environmental Temperatures 


Temperature of air, °C 

21 

27 

32 

38 

40 

40 

Daily basal heat production per kg calculated to 
the age of 10 5 days. Cal 


97 

1 

85 

78 


66 

Daily heat production at full feed, per kg Cal 


190 

168 

135 

125 

136 

Daily heat increment of full feed per kg Cal 

128 

93 

83 

57 

77 

70 

Daily available energy m food per kg Cal 

298 

262 

254 

202 

183 

183 

Heat increment per 100 Cal available Energy 
at full feed, per cent 

43 

36 

33 

28 

42 

1 

38 


weight, the heat production in both cases is calculated per unit of the 
3/4 power of the body weight® 

For making the basal metabolism determined at the age of 16 days 
comparable to the metabohsm at full feed with an average age of 10 5 
days, it has been assumed that during the period studied the basal 
metabohsm in these birds increased 1 per cent of the average for each 
day increase in age as found for the metabolism at full feed (see page 
714) This assumption seems to be justified because the total energy 
intake for very different ammals seems to approximate the same mul- 

® For the sake of simphaty, the average metabohsm per chick as given m 
Table V has been divided by the 3/4 power of the average weight The result 
does not differ considerably from that obtained b}’- calculating the metabohsm 
for each day to the unit of the 3/4 power of the corresponding weight and then 
takmg the average 
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tiple of the basal mctabohsm (Kleiber, 1933o), and the metabohsm 
at full feed is closely related to the energy intake Thus a theoretical 
basal metabohsm for the age of 10 5 days has been calculated on the 
basis of the equation 

X U + 001 X S^) - 

tvhere 5io & “ basal metabobsm at the age of 10 5 days 

and Bis =» basal metabohsm at the age of 16 day's 

According to Rubner’s compensating thcoiy it is to be expected 
that at lower environmental temperatures the speafic dynamic action 
is decreased because the extra heat developed after food consumption 
IS used for mamtaimng the body temperature and saves a correspond 
ing amount of food or body substance which would have been used as 
fuel Consequently, the gap between basal metabohsm and metabo 
hsm at full food should become smaller as the outside temperature 
decreases and if it falls below the cntical temperatures for maximal 
food intake, the heat production should become independent of the 
amount of food consumed, in other words, the speafic dynamic action 
should disappear (see Fig 1) 

The results shown in Table VUI arc not m accordance with this 
theory Although 21°C is considered an extremely low temperature 
for baby chicks, the speafic dynamic action of the food at this tern 
perature is higher than at 32°C and 38°C not only in absolute terms 
but also in per cent of the available energy of the food consumed 

This result may be explained partly b> the possibility that the 
chicks can decrease their heat requirement by huddling together It 
has been observed in the trial at 27'’C but particularly at 21°C that 
when the chicks are not eatmg, they gather in a comer of the cage, 
forming a p> ramid This huddling of the chicks at low temperature 
decreases their heat loss IS per cent (Kleiber and Wnchester, 1933) 

It IS to be regarded as a third kind of temperature regulation which 
ne have termed soaal temperature regulation It tends to make the 
basal metabohsm at low temperature lower than it would be without 
this huddling and consequently increases the gap between basal 
metabohsm and metabohsm at full feed 
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(/i) Efficiency of Energy Transformation at Various Temperatures 

By efficiency of food utilization may be understood the ratio of an 
increase m net energy to the increase in food necessary to produce 
this net energy 


AA 

AU 

Vpinny be classified as partial effiaency if A4 is a difference in net 
energy and AZ7 the corresponding difference in food energy Food 
energy may be taken as the energy of the food intake, the digested 
energ}!-, or the available energy 


TABLE IX 

Partial EJficteiicy for Growth m Baby Chicks at Various Temperatures 


Air temperature, °C 

1 

21 

1 

27 

12 

1 

38 

40 

40 

Net energy per 100 Cal of available food 
energy 

57 

64 

67 

72 

58 

62 


On the other hand, efficiency may also mean the ratio of the total 
net energy to the total food energy 

A 

In contradistinction to the partial efficiency, rji may be called the total 
efficiency The partial efficiency is always positive Recent results 
show that it varies with the plane of nutrition, being somewhat higher 
at low levels ^ It is positive also in undernutrition, as a decrease in 
the loss of body substance due to an increase m food consumption may 
be taken as an increase in net energy The detemunation of the par- 
tial efficiency requires the measurement of the metabolism at two dif- 

’’ In an expenment of Forbes ct al (1930) the partial efhciency dropped from 
87 to 64 per cent of the metabohzable energy as the plane of nutnbon was in- 
creased from J mamtenance to 3 times maintenance Wiegner and Ghoneim 
(1930) apphed Mitscherhch’s law to the partial effiaency of food utilization in 
animals 
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fercnt food levels One level may be at zero Thus, m the case of 
the chicks in the expenments discussed here, the basal metabolism 
and metabolism at full feed are used The increase in net energy in 
this sense is the difference between the increase of the available energy 
and the heat increment Thus Table IX is calculated from Table ITU 
The partial effiaency is subject to a relatively large experimental 
error Trom Kellner’s data (Kellner and Kohler, 1900) it may be 
calculated that the standard error for the partial efficiencj of starch 
for fattenmg adult steers is ± 1 1 per cent of the mean The deviation 
between the results of the trvo chick trials at 40°C is ±6 7 per cent of 
the mean The increase m effiaency from 57 per cent at an air temper- 

TABLE X 

Total Ejaaeney of Energy UtthtaUon i« Grpmng Bahy Chicks at Vanons 
Temperatures 


Ab tonperature C 

II 

II 

II 

II 


fra . t / Net energy X 100 \ 

Total efficiencj ) 

y^Avaihble food energy J 

16 

28 

34 

33 

32 


atutcof21°C tofiper cent atan air tempcratutcof38'’C , a difference 
of 23 per cent of the mean, appears thus to be barelv significant 
The total efficiency is related to the partial effiaency according to 
the following equation 


K — 


A 

U 


VrW-El 

U 



where 


1)1 total effiaency 
nr " partial cffiaenc> 

U = energy of food intake 
E rr energy of food for maintenance 

At a given partial efficicncj the total efficiency increases a ith incrcas 
mg plane of nutrition It becomes zero when the total food energy is 
equal to the energy necessary for maintenance 

Since the total efficiency in our trials is determined independently 
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of the basal metabolism, the influence of the social temperature regu- 
lation on the basal heat production does not affect the results of the 
total efficiency Therefore, these results calculated from Table V 
are less questionable than those on the partial efficiency 

The total efficiency reaches its maximum at 32°C The environ- 
mental temperature had a more pronounced influence on the total 
effiaency than on the partial efficiency 16 per cent total efficiency 
at 21°C is only 47/100 of the maximum total efficiency at 32°C, 
whereas 57 per cent partial efficiency at 21°C is 79/100 of the maxi- 
mum partial efficiency at 38°C 

DEDUCTION 

From general considerations it has been concluded that an optimal 
environmental temperature for the conversion of food energy to the 
energy of body substance should exist not only for cold blooded but 
also for warm blooded ammals At extremely low environmental 
temperature all the energy which an animal is able to absorb is used 
as heat for maintaining the body temperature at a constant level, at 
extremely high outside temperature theoretically the animal’s appetite 
is decreased to such an extent that the energy intake does not exceed 
the maintenance requirement 

In our experiments with baby chicks we did not reach either of these 
extremes We found that within the range of temperatures covered 
in our investigation the total food intake was a linear function of the 
environmental temperature and not a curve as suggested m Fig 1 A 
curve of the expected type has, however, been obtamed for the intake 
of metabohzable energy due to the limitation of the absorbing power 
of the intestinal tract At high environmental temperature the appe- 
tite was decreased In accordance with the prehminary h3q)othesis 
the heat production of the animals tended to approach the mtake of 
metabohzable energy at high as well as at low environmental tempera- 
ture The prediction of an optimal environmental temperature for 
the effiaency of energy utihzation is thus supported by the results 
of our trials 

SUMilARY 

1 An optimum of environmental temperature is to be expected 
for the utilization of food energy m warm blooded animals if their 
food intake is determined by their appetite 
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2 Baby chicks were kept m groups of five clucks in a climatic 
cabinet at environmental temperatures of 21°, 27°, 32°, 38°, and 40°C 
dunng the period of 6 to 15 days of age The mtakc of qualitatively 
complete food was determined by their appetite Food intake, excre 
tion, and respiratory exchange were measured Control chicks from 
the same hatch as the experimental groups were raised in a brooder 
and were given the same food as the expenmental chicks The basal 
metabolism of each expenmental group was determmed from 24 to 36 
hours without food at the age of 16 days 

3 The daily rate of growth increased with decreasing environ 
mental temperature from 2 74 gm at40°C to4 88gm at21°C This 
was 4 2 to 6 5 per cent of their body weight 

4 The amount of food consumed increased m proportion to the 
decrease in temperature 

5 The availabihty of the food, used for birds instead of the digesti- 
bility and defined as showed an optimum at 38°C 

Food 

6 The COs production increased from 2 95 hters COj per day per 
chick at 40°C to 6 25 hters at 21°C Per unit of the 3/4 power of the 
body weight, 23 0 liters COs per kilo*^* was produced at 40°C and 
43 4 liters per kdo’''* at 21°C The CO. production per umt of 3/4 
power of the weight maeased at an average rate of approximately 
1 per cent per day increase in age The R Q was, on the average, 

1 04 dunng the day and 0 92 dunng the night 

7 The net energy is calculated on the basis of C and N balances 
A maximum of 11 8 Cal net energy per chick per day was found at 
32°C At21°C only6 9Cal net per day per chick nas produced and 
at 40°C an average of 6 7 Cal 

8 The composition of the gamed body substance changed according 
to the environmental temperature The protein stored per gram 
mcrease in body weight vaned from 0 217 to 0 266 gm protein and 
seemed unrelated to the temperature The amount of fat per gram 
gain in weight dropped from a maximum of 0 153 gm at 32°C to 0 012 
gm at 21°C and an average of 0 107 gm at 40°C The energy con 
tent pet gram of gam in v. eight had its maximum of295Cal pet gm 
at38°C and its minimum of 1 41 Cal pergm at21°C at which tem 
perature the largest amount of water (0 763 gm per gm increase in 
body weight) was stored 
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9 The basal metabolism increased from an average of 60 Cal per 
kilo®''^ at an environmental temperature of 40°C to 128 Cal per kilo^''* 
at 21°C No mdication of a critical temperature was found 

10 The partial efficiency, t e the increase in net energy per unit of 
the corresponding increase in food energy, seemed dependent on the 
environmental temperature, reaching a maximum of 72 per cent of the 
available energy at 38°C and decreasing to 57 per cent at 21°C and 
to an average of 60 per cent at 40°C 

11 The total efficiency, i e the total net energy produced per unit 
of food energy taken in, was maximum (34 per cent of the available 
energy) at 32°C , dropped to 16 per cent at 21°C , and to an average 
of 29 per cent at 40°C 

The authors are indebted to Helene K Rohwer and Shizue Morey 
who did the gas analysis involved in this study, to R W Caldwell and 
H C Johnson for the deterrmnation of N, C, and energy in feed and 
excreta and to Lucie Blum, J Lewis, and E Steiner for help m raising 
the chicks and making the daily weighings 
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THE ACCUMULATION OF ELECTROLYTES 
\'I The Effect of Exxemai, pH 

Bv A. G JACQUES AKD W J V OSTERHOUT 
(Front the Laboraiortes of The RocheftUer Institute for Medical Research) 
(Accepted for publication, Januan 10, 1934) 

It would be natural to suppose that potassium enters Valoma as 
KQ since it appears in this form m the sap We find, however, that 
on this basis we cannot predict the behavior of potassium in any re 
spect But we can readily do so if we assume that it penetrates 
chiefly’ ’ as KOH We may then say that under normal conditions 
potassium enters the cell because the ionic activity product (K) (OH) 
IS greater outside than inside This hypothesis leads to the following 
predictions 

1 WTien the product (K) (OH) becomes greater inside (because the 
mside concentration of OH” rises, or the outside concentration of K.+ 
or of OH” falls) potassium should leave the cell, though sodium con- 
tmues to enter Previous experiments,’ and those in this paper, indi- 
cate that this IS the case 

2 Increasmg the pH value of the sea water should increase the rate 
of entrance of potassium, and vice ersa This appears to be shown 
by the results desenbed in the present paper 

The experiments were made in Bermuda on Valoma niacropli)sa, 
Kiitz The technique, unless otherwise stated, was that previously 
employed ’ 

Methods 

The cells carcfulli seasoned m the laboralon were exposed to sea waters 
with higher and lower hjdrogen ion activities than normal for periods up to 

' Cf Oslcrhout W J U Biol Rev 1931 6, 369 Rrgebii Phisiel 1913, 35, 
967 

3 Regarding the sttuatton in land plants sec Osterhout W J \ Science, 1912 
36, 571 

’Jacques A G and Osterbout W J \ ,/ Gen Physiol ,1929-31 14,301 
1931-32 16,537 
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15 days, but care was taken to prevent injury by bmitmg the magnitude of the 
pH changes The temperature fluctuated between 15° and 2S°C , but did not 
vary more than 5°C m one expenment 

In the preliminarv experiments it was found that the pH could not be lowered 
much below 6 5 without producing obvious signs of injury m 24 hours The up- 
per limit which the cells would tolerate was not determined It is undesirable 
to go above pH 9 4 on account of the rapid precipitation of calcium carbonate 
We worked at pH 8 8 which the cells could tolerate for many days without 
injury 

It was found that the pH of sea water in contact with the cells tends to change 
so rapidly as seriously to vitiate the conclusions from experiments where no ac- 
count of this was taken Hence the experiments were carried out in such a way 
as to minimize the change (or else to exaggerate it) 

No smgle procedure for exposing the cells was used In some cases tubes and 
glass gutters (as described previously) were employed,® in others stoppered bottles 
of Pyrex glass 

Sometimes the cells were exposed out of doors with the usual alternations of 
light and dark, and sometimes inside under constant artificial illumination In 
some cases there was a current of sea water, m others it was changed infrequentlv 
The particular method of exposure will be descnbed in detail under each expen- 
ment as well as the reason for the procedure In every experiment 16 liters of 
sea water at each pH were prepared and in the expenment with circulation it was 
passed over the cells again and again 

Growth was measured on a sample lot of cells beheved to be representative of 
the whole as descnbed elsewhere,® the apparatus for measunng volume was that 
described in a previous paper ® 

The pH of the sea waters was determined as descnbed in a previous paper, 
brom thymol blue, cresol red, and thjunol blue being used for the low, normal, 
and high pH sea waters respectively For sap chlor phenol red was used 
The analyses for potassium, sodium, and halide were also carried out as de- 
scnbed in the papers cited above Smce sodium is determined by difference the 
figures are less accurate than in the other cases This should be borne in mind 
m those cases where the tables show an apparent loss in moles of sodium 

Each analysis required the sap of from 50 to 75 cells hence the analyses repre- 
sent the average of this number of cells Absence of any appreciable increase in 
the sulfate durmg exposure was taken to indicate absence of severe injury The 
cells were examined macroscopically and microscopically before and after exposure 
and appeared to be in excellent condition 

The usual precautions were taken to obtain representative samples of sap for 
analj'sis In most of the experiments large numbers of cells were available so 
that no large ones (i e over 0 5 cc ) had to be used 

As IS well known, sea water is reasonably well buffered by the presence of 
sodium bicarbonate at a concentration of about 0 002 normal and of free COj 



A G JACQVES AND J \ OSTERHOM 


729 


at a partial pressure of about 0 0003 atmosphere, which means that it is practical!) 
m equihbnum with the atmosphere 

If It IS desired to change the pH of the sea water three courses are open (u) 
The bicarbonate carbomc acid buffer s)stcm ma) be replaced b> another in 
which the weak acid is not in equilibrium with the air ( 6 ) The concentration of 
bicarbonate ion ma\ be kept constant and the CO tension raised or lowered to 
lower or raise the pH (c) The CO* tension ma> be kept constant and the con 
centration of sodium bicarbonate and sodium carbonate raised or low ered to raise 
or lower the pH 

Alternative (a) would in theor 3 , overcome the difficult) assoaated with the 
change in the CO tension of the sea water caused bv the photosynthetic and 
respirator) processes of the cells However it would also deprive the cells of 
free CO It might be difficult also to maintain the air over the sea water free 
of COa during long experiments Nevertheless if only part of the bicarbonate 
carbonic svstem were replaced it seemed possible that the cells might receive 
their normal supplv of CO 'ind at the same bme the sea water pH might remain 
more constant if there were present a buffer svstem not sensitive topholos)n 
thesis or respiration Preliminary experiments were performed to test this pos 
sibility, using phosphoric and sucanic aads In each case 9/10 of the bicarbonate 
was replaced In the case of phosphoncaad at all pH values studied the resulting 
sea waters were tone in 24 hours Succinic and on the other hand was well 
tolerated, but in comparison with a control with normal sea water there was no 
deaded improvement in the constanc) of the pH 

Alternative (b) was considered to be impractical for long experiments because 
of the difficult) of mamtaining over the sea water an atmosphere containing more 
or less COj than the normal amount 

Alternative (c) was therefore adopted as the most practical Moreover, our 
experiments on the penetration of CO 3 into Vahnta* show that the pH of the 
sap is stronglv influenced by changes in the concentration of free COi in the sea 
water Hence the plan m which the sea water used is in equilibrium with normal 
air IS to be preferred because we know within limits the pH to be expected in 
the sap of cells in normal sea water under these conditions 

^^^len the pll of sea water is to be lowered it would seem possible to calculate 
the amount of IICl required to be added to decompose enough bicarbonate to 
produce the needed lowenng Actualh this can rarel> be done This maj be 
due to the presence in the sea water of varving amounts of finclv divided CaCOi 
The sea water used in these expenments was obtained about } mile from land 
m the 30 foot ship channel where it was frequent!) sbghtl) mill \ cspcaall) for 
several da)s after storms which m vnntcr in Bermuda often sUr up the coral 
sand at the bottom In large bottles in the laboraton it appeared perfect!) 
clear 


^ Oslerhout \\ J V and Dorcas M J / Gcrt Plt\stoI 1925-26,9,255 
Jacques A G and Osterhout W J V / Gai Pk'^sxol 1929--30 13, 695 
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Our method of procedure for lowering the pH of the sea w'ater was to add 
sufficient HCl to lower the pH below the required point Air (previously satu- 
rated with moisture over sea water) was then bubbled through until the pH rose 
above the required point Hereafter further additions of HCl were made with 
prolonged aeration in between until at length the required pH was reached and 
did not change with further aeration This procedure was necessitated by the 
fact that the sea w'ater easily becomes supersaturated with respect to CO 2 when 
aadified and it requires prolonged aeration to adjust this 

When the required point had been reached a sample of sea water was analyzed 
for total CO 2 , usmg the Van Slvke constant volume apparatus It was found that 
when the pH remained constant at 6 8-7 0 after aeration the concentration of 
CO 2 in the sea water was in the neighborhood of 0 00011m This agrees roughly 
with McClendon’s® results assuming that the CO 2 tension of the atmosphere is 
m the neighborhood of 0 0003 ® 

In raising the pH above normal, 0 6 N NaOH was added m small amounts ivith 
prolonged aeration with air saturated over sea water between additions until the 
required pH was reached When the pH was raised above 9 4 it was found that 
CaCOs was slowly precipitated, but by working in the manner descnbed the loss 
of calcium due to this was reduced to a minimum It was found that in the course 
of the experiments photosynthesis raised the pH above 9 4 and as a result calcium 
was lost In order to determine the extent of this loss the high pH sea water 
was analyzed for total CO 2 before and after the experiment in some cases In 
the worst case the loss of total CO 2 , presumably as CaCOa, amounted to about 
0 001 equivalent per hter, and smce the original concentration of calcium in normal 
sea water is 0 02 normal it follows that the loss was only about 5 per cent, which 
we do not consider enough to vitiate the results seriously 

RESULTS 

A At High pH Flowing Sea Water 

To keep the pH as constant as possible sea water was made to flow 
over the cells (day and night) as descnbed in previoiis papers ® The 
cells were kept out of doors and shaded from direct sunlight 

In each expenment one lot was exposed to sea water at pH 8 8 and 

® McClendon, J F, / Biol Cltem , 1917, 30, 274 

® After completing the expenments our attention was called to the paper by 
Tomita (Tomita, G , / Shanghai Sc Inst , Sect IV, 1933, 1, 19) in which he 
calls attention to the importance for biological work of adjusting the CO 2 tension 
of sea water after aadification 

^ In the present experiments about a hter and a half per hour flowed over the 
cells which were spread out in a thin layer The CO 2 was replaced by frequent 
aeration 
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the other to a control in sea water at 8 2 The results are given in 
Tables I, II, and IH (see also Fig 1) 

It IS evident that the rate of growth and of entrance of potassium 
was greater at the high than at the normal pH The gain in moles’ 
at pH 8 8 is compared with that at pH 8 2 in Table IH, and the calcu 
lated gam is also given The calculation is as follows Assuming 


TABLE I 

Analytical Data on Saps of Valonta 
Sedton A Expenmeni I 


Nomina! pH 


pH 

of 

&fo!ecuUr conctatratioos 

Ratio 

\oI 

Gram mi! c9 
pcf liter 

K' 

X 

lO' ■■ moles 
volume 



B3p 

K 

Na 

C 

+ No 

Holulc 

ha 



K 

\a 

K + 
Ka 

Ratufe 


days 














'nl 






1 



0 

(S 

IS 

0 

4952 

0 

ira 

0 

5350 

0 

5275 

3 

52 

S 

73 

4 

323 

1 229 

5 

552 



8 8 


6 

10 

0 

4951 

0 

1388 

0 

6349 

0 

6253 

3 

57 

9 

17 

4 

550 

1 273 

5 

823 



(High) 

6 

6 

30 

0 

4985 

0 

1322 

0 

EES 

9 

628/ 

3 

77 

9 

41 

4 

C92 

1 241 

5 

936 



10 

6 

10 

0 


0 

1415 

0 

6345 


6354 

3 

48 

9 

68 

4 

khi 

1 369 

6 

1S9 




15 

5 


a 

4898 

0 

1419 

0 

6317 

1 

6299 

3 

45 

9 

93 

4 

864 

m 

6 

272 




0 

6 

— 1 
IS 

0 

49S2 

0 

Wm 

0 



6275 

3 

52 

S 

73 


323 

1 229 

5 

552 

5 

478 

8 2 

3 

S 

95 


4944 

0 

1431 

0 

6375 

0 

6293 

3 

45 

8 

91 

4 


1 275 

5 

681 


Kftl 

6 

6 

m 


4817 

0 

1477 

0 

6294 

9 


3 

21 

9 

14 

r* 

ebB 


5 

753 

5 

669 

(Control) 

10 

6 


a 

4825 

0 

1525 

0 

6351 

a 

6244 

3 

16 

9 

31 

4 

495 


5 

913 

5 

813 


15 

0 

90 

0 

4779 

0 

1518 

0 

6297 

El 


3 

16 

0 

43 

4 

m 

1 432 

5 

ii 

5 

894 


* In order to make the volumes the same for both lots at the start the values 
for pH 8 8 were ratjUipIied by 8 73 — 8 52 and those for the control 8 73 + 8 7C 
(see Table V) 


that the rate of entrance is proportional to (K ) (OH„) — (Kt) (OH() 
we may write’ as an approximation for the first penod in Table I 
Rale at pH 8 8 0 012 (IQ-*-*) - 0 tVSt (Itrs-n) ^ ^ 

Rate at pH 8 2 ” 0012 (Iff-*-*) - 04952 (lOi") ” 

’ It IS obvious that the rate of entrance must be measured b> Uie gam in moles 
since It cannot be inferred from the concentration owing to the entrance of water 
’ This can only be regarded as an appronmaUon Cf Oslerhout M J V , 
J Gen PAynoI, 1932-33 16, 529 Osterbout W J V Kamerbng, S E , and 
Stanley, W M J Cm Physiol 1933-34 17,445 469 
The subsenpts o and i refer to actintics outside and inside respcctiyxb 
Since the ionic strength is about the same inside and outside it is permissible 
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Table III also gives calculations for ionic exchange (for which see p 
747) 

The rate of entrance of potassium does not increase so much as 



Fig 1 Moles of potassium and of sodium entermg Fa/o;no at high pH (about 
8 8) and m a control expenment where the pH just outside the protoplasm started 
at about 8 2 and rose somewhat it apparently did not nse as high as m the other 
lot and m consequence potassium entered less rapidly (the pH was kept down 
by a rapid flow of sea yater) Section A, Expenment 1 The curves are drawn 
free-hand to give an approximate fit 


for comparative purposes to use concentrations in place of activities (cf Zscheile, 
F P , Jr , Proloplasma, 1930, 11, 481) 


Moles "Na m 



TABLE n 

Analylical Data on Saps oj Valoma 
Section A, Expenmcnt 2 



* In order to establish the reproduabiUtj of the rate of growth \olumc meas 
urements were made on two sets of ccUs at each pH The results indicate that 
the growth curves arc reasonably reproducible 
t These values were obtained as follows The two volume measurements were 
a\eraged and m the case of the control the a\eraged \"alues were multiplied b} 
the factor II 40 -r U 14 

T\BLE III 

Gant tit Moles of Potassium i« Seetton A Cxpenmait J 



G 

1 

In St 1 

Gsio St 

pn 8^ 1 

pH 8J 

0 

22/ 

0 0S3 

0 

240 

0 037 

0 

074 

0 015 


(GbId St pll SJ) -I- (Csin si pft S 7) 



] 44 
0 85 
0 9S 
Av - 1 09 


• Iso calculation is made for the period between the ^rd and the <5th da> since 
the table shows a loss in moles at p!I B 2 (this ts probabh due to crpcnracntal 
error) 
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would be expected if potassium entered as KOH at the pH values 
stated In this connection we may consider the following 
{a) In spite of the flow of sea water, the pH just outside the proto- 
plasm^® undoubtedly rose greatly as the result of photosynthesis and 
this rise was much greater m the controls than in the cells placed in 
sea water at 8 8 Hence the difference between the two lots of cells 
was undoubtedly very much less than that assumed in makmg the 
calculation This will be discussed presently (p 740) 

{b) The high pH may change the protoplasm (e g by leachmg as 
in the case of Such disturbing factors are probably re- 

sponsible for the fact that in general growth does not go on increasing 
indefinitely as the pH is raised, but reaches an optimum and then 
dechnes 

In the absence of these disturbing factors we rmght expect the behav- 
ior of potassium to proceed more nearly accordmg to calculation and 
this seems to be the case When, for example, we raise the concentra- 
tion of KCl m the sea water from 0 011 m to 0 024 m (without changing 
the pH) a calculation of data m a former paper® shows that the rate of 
entrance should increase 2 95 times (calculation on the basis of ionic 
exchange gives about the same) In 20 days the observed increase 
was 2 24 times The discrepancy is not great and may be due to small 
differences in pH 

B At Low pH Flowing Sea Water 

In these expenments the cells were exposed to runnmg sea water 
(day and night) at pH 6 8 and at pH 8 2 They were kept out of 
doors (shaded from direct sunlight) In the first experiment the pH 
was adjusted m the manner previously described and the fluctuations 
dunng the experiment did not exceed 0 2 pH unit The results are 
given m Table IV 

Here the rate of growth was greater m the control than at the low 
pH, and the rate of entrance of moles of potassium was from 2 2 to 4 
times as great This is a smaller difference than we should expect if 

i®7 e , in the cell wall and in the film between the protoplasm and the cell 
wall where the flow of sea water w^ould have relatively little effect 

Osterhout, W J V , and HiU, S E , / Gen Physiol , 1933-34, 17, 99 Oster- 
hout, W J V , Ergcbn Physiol , 1933, 36, 988 
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there were no photosynthesis Indeed ^\c should expect potassium 
to come out at the low pH Horvaver, it has been pointed out (p 734) 
that the photosynthebc effect makes it impossible to make reliable 
quantitative calculations 

Another vanation is illustrated by Experiment 2 This vas 
actually a preliminary experiment, but it raises an interesting point 
Here the behavior of cells exposed to low pH and normal sea uater was 


TABLE rv 

Avalylicat Data on Saps of T alonia 
Section B Experiment I (pll Retativeh Constant) 


Monlnil pH 
of lei. water 


pH 

Molecular conce tradons 

R tio 

Vol 

Critmm Jea X ID* •• molrj 
per liter X vvlum 


sap 

K 


f>- + \a 

Ilatide 

Na 


k 

Na 

%.+ 

HaiiJe 


iayt 

0 

5 90 

0 4782 

0 1034 

0 M16 


2 93 

g 

3 491 

I 193 

4 084 

4 511 

8 2 

3 


[iKfjm 

0 1668 

0 6341 

BlmB 

2 80 

7 85 

3 668 

1 310 

4 978 

4 <91 

(Control) 

6 

S BS 

0 4835 

0 1467 


0 6232 

3 29 

8 17 

WJEW 

I 198 

5 149 

3 091 


10 

5 /O 

0 4790 

0 14*0 

0 6200 

0 6128 

3 26 

8 29 

3 972 

! 219 

:> 191 

3 OSO 


15 

5 65 

0 4727 

0 1528 

0 6255 

0 6128 

3 09 

8 49 

m 

1 297 

S 310 

3 203 


n 

5 90 


0 1634 

0 6416 

SBm 

2 95 

m 

3 491 

1 193 

4 0S4 

4 511 

6 S 

3 

5 75 


0 1624 

0 6327 

0 612'^ 

2 S9 

7 52 

3 536 

1 221 

4 757 

4 C0'» 

6 

5 70 

0 4677 

0 1649 

0 6i26 


2 B3 

7 71 

3 606 

1 2r0 

4 8i6 

4 781 

(Low) 

10 

s 75 

0 4638 

0 1651 

0 fSP 

0 6111 

2 81 

7 81 

3 622 

1 290 

4 912 

4 773 


IS 

3 65 

0 4661 

0 1637 

0 6298 

0 6182 

2 85 

7 99 

3 724 


3 032 

4 909 


* See note (*) under Table II The lactor to bring both volumes to the same 
value at the start n as 7 30 + 7 07 applied to the lot at pll 6 S 


about the same (Table V) This is not surpnsing m vien of the 
special conditions (this is discussed on p 740) 

The cells were exposed m the same way as m Section A, but the 
adjustment of the pH to 6 8 was accomplished by shaking with 0 6 N 
HCl without aeration Here the pH fluctuated as stated below 

u To calculate the pH at irhich potassium should begin to come out intoUcs 
an accurate knowledge ol individual ion actuiUcs which is not possible to obtain 
Cf Guggenheim E A, y BJiys Chem 1929 33, 842 Macinnes D A , The 
meaning and cahbration of the pH scale m Cold Spring Harbor sjanposia on 
quantitative biologj, Cold Spnng Harbor Long Island Biological Association 
1933,1, 190 
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The pH -was determined at 24 hour mtervals and each tune it was found that 
an increase had taken place and more acid had to be added to bnng it back to 
the neighborhood of 6 8 The highest point reached was 7 4 and as the experi- 
ment proceeded the magmtude of the rise decreased The explanation seems to 
be that when sea water is acidified it tends to remain supersaturated with respect 
to free CO 2 for a penod which depends largely on the amount of agitation it 
receives 

The observed rise of the pH to 7 4 is not, of course, sufi5cient to make the 
value of (Ko) (OHo) for the low pH group equal to that for the normal group but 
there is good reason to beheve that (OH,) for the low group may have been less 
than usual For it is w'ell known that free CO 2 in the sea water penetrates mto 
the vacuole very rapidly and produces a marked decrease m the pH Hence in 


TABLE V 


Analytical Data on Saps of Valonia 
Section B, Experiment Z (pH Fluctuating 


Noznmsl 
pH of sea 

Tune 

pH of 

Molecular concentrations 

Ratio 
K - 

Vol- 

Gram moles X 10> = moles 
per liter X volume 

water 

sap 

B 

Na 

K + 

Na 

Halide 

Na 


K 

Na 

K + 
Na 

Halide 


days 

0 

6 15 

0 4952 

0 1408 

0 6360 

0 6275 

3 52 

ml 

8 73 

4 323 

1 229 

5 552 

5 478 

6 8* 
(Low) 

3 

6 15 

0 4929 

0 1408 

0 6337 

0 6325 

3 50 

9 04 

4 456 

1 273 

5 729 

5 689 

6 

6 00 

0 4877 

0 1381 

0 6258 

0 6269 

3 53 

9 15 

4 462 

1 264 


5 736 

10 

5 90 

0 4870 

0 1388 

0 6258 

0 6250 

3 51 

9 27 

4 515 

1 287 


5 794 


15 

6 00 

0 4811 

0 1470 

0 6281 

0 6244 

3 27 

9 39 

4 518 

1 380 

5 898 

5 863 


* For correspondmg control experiment at pH 8 2 see Table I 


sea w'ater supersaturated with CO 2 the internal pH ought to be lower The pH 
measurements on the sap do not show this, but these measurements were made 
on saps extracted m the morning when the sea water pH had risen However, the 
foUowung supplementary expenments descnbed below mdicate that the internal 
pH actually can be changed to a considerable extent by rapidly changmg the 
outside pH under these conditions 

About 100 cells, whose sap had an average pH of 5 9, were placed in 500 cc 
of sea water the pH of w'hich had been reduced by the addition of 0 6 N HCl to 


We find that if all the HCl required to bnng the pH of 16 liters of sea water 
down to the neighborhood of 7 is added at once, it requires about 5 hours of 
aeration, at a rate roughh estimated to be about 10 liters of air a minute, to 
relieve the supersaturation 
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TABLE VI 


^.nalyUcal Data on Saps of Valanta 
Section C Expenmait / {Cells in Bottles) 



• See note (*) under Table II 

t See note under Table I Factors for bringing the \ olumcs to the same value 
at the start are 10 69 -r 9 84 applied to the control and 10 69 10 27 applied 

to the lot at pH 6 8 
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6 5 (without aeration) 15 minutes later the average pH of the cell sap was 5 6, 
and 30 minutes later it was 5 0 The sea water was then shaken vigorously to 
remove the excess COj, and after 15 minutes' exposure the pH of the sap had 
risen to 5 85 

From this experiment it mav be deduced that in the low pH group of Experi- 
ment 2 the inside pH was for a considerable part of the time less than normal so 
that the value of (K(,)(OHo) - (K,)(OH.) was greater than usual It is useless 


TABLE vn 

Analytical Data on Saps of Valoma* 
Section C, Experiment Z {Cells in Tubes) 


Nominal pH 
of sea irater 

Time 

pH of 
sao 

Molecular 

concentrations 

Ratio 

K-Na 

Volumef 

Gram moles X 
moles per liter X 

lOJ - 
volume 





K 

Na 

K 

+ Na 





K 


B 

SB 


days 











ml 



iniii 




0 

6 

15 


5051 

1 

1234 

a 

6285 

4 

09 

13 

29 

6 

713 


8 

353 

8 8 

2 

5 

90 

0 

5017 

1 


a 

6289 

3 

95 

13 

63 

6 

838 


8 

572 

(High) 

5 

5 

90 

0 

5059 

a 

1173 

0 

6232 

4 

31 

13 

92 

7 

042 

RiiW 

8 

674 


10 

6 

00 

1 

4857 

0 

1415 


6272 

3 

43 

14 

19 

6 

892 

2 008 

8 

900 


0 

6 

15 


5051 

0 

m 


6285 

4 

09 

13 

29 

6 

713 

1 640 

8 

353 

8 2 

2 

5 

90 

n 

5011 

0 

m 


6283 

3 

94 

13 

66 

6 

846 

1 736 

8 

582 

(Control) 

5 

5 

90 

n 


0 

1258 


6288 

4 

00 

14 

01 

7 


1 762 

8 

810 


10 

5 

95 

] 

4879 

0 

1395 

0 

6274 

3 

50 

14 

22 

6 

938 

1 984 

8 

922 


0 

6 

15 

I 

5051 

0 

1234 


6285 

4 

09 

13 

29 

6 

713 


8 

353 

6 8 

2 

5 

90 

n 

5026 

0 

1197 


6223 

4 

20 

13 

35 

6 

710 

1 598 

8 

308 

(Low) 

5 

6 

00 

n 

4834 

0 

1313 


6147 

3 

69 

13 

61 

6 

579 

1 787 

8 

366 


10 

5 

75 

] 

4805 

0 

1367 

1 

6172 

3 

51 

13 

77 

6 

616 

1 882 

8 

498 


* Owmg to lack of material no determination of hahde was made 
t See note under Table I The factors for bnnging all volumes to the same 
value at the start are 13 29 -r 12 54 apphed to the control and 13 29 — 13 27 
apphed to the lot at pH 6 8 

to attempt to deal with the question quantitatively, but it may be said with 
confidence that the gradients of the low and normal groups of the experiment 
must have been much closer than the pH values given in Table V would indicate 

C At Htgh and Low pH' Sea Water Not Flowing 

In these experiments no effort was made to prevent the change of pH 
due to the photosynthetic removal of CO2 On the contrary, the 
effect was exaggerated by illummatmg the cells constantly with 
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artifiaal light In each expenment in this •section there were three 
groups of cells One was exposed to sea water at pH 6 8, one at pH 



Fic 2 Moles of potassium and of sodium entering I oionia at high pH (about 
8 8) and in a control experiment where the pH just outside the protoplasm was 
about 8 2 at the start and probabh rose to the neighborhood of 8 8 during the 
experiment as the result of photos) nthcsis (Seawater not flowing) The curves 
labelled low pH’ relate to an experiment in which the pH was 6 8 at the start 
and probabl) did not nsc much since the suppl) of COj was reduced A\crage 
of Experiments 1 and 2, SecUon C The cur\ cs arc drawn free hand to give an 
approximate fit. 


Holes Na in sap 
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8 8, and one at 8 2 These were the pH values at which the experi- 
ments began Rapid and extensive changes due to the photosynthesis 
of the cells took place These will be discussed presently 

The results are given m Tables VI and VII (see also Fig 2^^) 

In Experunent 1 the ceils were exposed m bottles holding 250 cc , the hght 
being furnished by a 500 watt light at a distance of about 18 inches About 2 
inches of distilled water was interposed between cells and hght to serve as a heat 
filter 

In Experiment 2 the cells were exposed in large glass tubes the hght being 
furnished by nine 100 watt hghts in three rows the tubes containing the cells 
were placed 18 inches above the hghts As before, about 2 inches of distilled 
water was interposed as a heat filter 

The sea water was changed daily This change reduced the pH temporarily 
but It soon rose agam under the influence of photosynthesis 

It IS evident that at both the high and the normal pH the rate of 
growth and the rate of increase in moles of potassium was approxi- 
mately the same This is to be expected in view of the effects of 
photosynthesis, which may be summarized as follows 

It IS well known that marine plants increase the pH of the sea water during the 
day time Thus McClendon*® reports that in the Tortugas the pH of the sea 
water over well hghted bottoms rich in vegetation rises from 8 18 at night to 
8 35 during the day Crozier*® states that in Fairyland Creek, a tidal inlet in 
Bermuda, where Valoma formerly grew luxurianth, the pH at the head of the 
creek nses to 8 3 dunng the day, while in the Great Sound at the north it is 8 07 
He considers this to be due to photosynthetic abstraction of COj The same 
mvestigator also found that Valoma kept in an aquarium raises the pH of normal 
sea water to the neighborhood of 9 5, by removing the CO 2 for photosynthesis 

It was therefore to be expected that in the hmited volume of sea water here 
employed the pH would rise rapidly (as found, for example, by Osterhout and 
Haas in expenments on Uloa'-’’) 


This IS based on an average of Expenments 1 and 2 Since the times were 
not m all cases the same m both expenments some of the values were estimated 
by graphic mterpolation which in this case involved little or no error 

McClendon, J F , Carnegte Iitsltltihon of Washington, Pub No 252, 1918, 
254 

I® Crozier, W J , 7 Gen Physiol , 1918-19, 1, 581 

'^Osterhout, W J V, and Haas, ARC, Science, 1918, 47, 420, J Gen 
Physiol , 1918-19, 1, 1 
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In one expenment for example -ne found that when 2 liters of sea water were 
exposed to about 600 cells (of about 200 cc volume) the pH rose from 8 ^ to 8 8 
in S hours and to 9 4 overnight (in this case continuous artifiaal lUumination was 
used) 

In another expemnent with natural illumination (outdoors in the shade) the 
pH of 100 cc of sea water m contact with 30 cells (with a volume of about IS cc ) 
rose from 8 3 to 9 3 in 10 hours 

In neither case was the sea water sbrred so that it seems probable that m the 
vicinity of the cells the change m the pH was much more rapid Doubtless the 
pH of the sea water in contact with the outer layer of the protoplasm becomes 
greater than normal as soon as the cell is illuminated 

In other expenments sea water at pH 9 0 was exposed to cells and illuminated 
Here also there was a rapid increase in the pH but the final value was only 9 3 to 
9 4 Thus It appears that there is a definite limit to which the pH of Bermuda 
sea water can be raised by the removal of COj, and that this limit is about the 
same whether the sea water before the experiment is at normal or high pH It 
was also found, as stated prevnously, that when the pH rose to 9 4 CaCOj was 
preapitated A study of the dissoaation curve of CO 5 in sea water” shows that 
at pH 9 4 an appreaable part of the total amount of CO in the system must be 
m the form of carbonate loru But the sea water where the bottom is cntirelv 
calcareous is certainly saturated or nearly saturated with respect to CaCOa « so 
that when the activity of CO 3 ion is raised CaCOj is salted out Hence the pH 
IS buffered at that point” 

It was further observed that the pH of sea water raised by photosynthesis could 
be lowered readily to its original value by cquihbralmg it again with the COj 
of the atmosphere bv aeration “ 

It should be pomted out that CO3 from two sources will tend to offset the loss 
of CO lU the sea water imbibed in the cellulose w’alj COj may diffuse in from 
the surrounding sea water and out from the protoplasm (where it is produced 
during respiration) Respiration is of course goingon constantly butobv 7 oush 
the amount of CO 3 produced is less than the loss due to photosynthesis as long 
as the cell is illuminated "When illurmnation ceases it becomes important as the 
following experiment showrs 

A group of cells m sea water m a dosed bottle were placed outside m tlic shade 


** Osterhout, W J V , and Dorcas M J / Gen Physiol , 1925~26 9, 253 
McClendon, J T , Carnegie InsltMion o/Washmslon Pub No 252,1918, 
256 

Part of the buffer capaaty of sea water is due to other aads than carbonic 
for example bone phosphoric sfliac and possibly arsenic but the amount of 
any of these is so small that they may be neglected in this discussion 

This, of course, refers to sea waters which had not been allowed to remain 
long enough at the high pH to lose much calaum carbonate 
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SO that m 10 hours the pH of the sea water rose from 8 3 to 9 3 They were then 
kept in the dark for 12 hours and the pH fell to 8 6 They were again illummated 
and the pH rose to 9 3 Finally they were darkened again for 12 hours and the 
pH fell to 7 9 “ In a control expenment in which sea water mthout cells was 
treated in exactly the same wav the pH fwhtch was 8 3) did not change 

Such effects of photosynthesis appear to be chiefly responsible for the 
difference between Sections A and C 

In the latter these effects were allowed to develop fully The illumination 
was contmuous and the sea water over the cells was changed just enough to pre- 
vent the possible exhaustion of other substances in the sea water which the cells 
might need Under these conditions we may expect that in the control and high 
pH sea water the actual pH would be most of the time near 9 4 Daily deter- 
minations of the pH show'ed this to be the case, and when the sea waters were 
replaced by fresh samples havmg the correct pH it rose m a few hours to 9 4 
The pH just outside the protoplasm would of course nse more rapidly than in 
the mam body of the sea water It is therefore not surpnsing that the normal 
and high pH groups in Section C behaved m the same way 

In Section A the pH was controlled as far as possible by passmg the sea water 
fairly rapidly over the cells The CO 2 content was restored by frequent aeration 
The illumination was natural and therefore intermittent, so that for part of the 
time photosynthesis was abohshed The measured pH of the sea water did not 
change much in either group Here, as would be expected, there wns a distmct 
difference between the control and the high pH groups 

Let us now consider the behavior of cells at low pH In both ex- 
penments the rate of growth was much less at the low pH than at 
either normal or high pH Potassium moles did not change much 
It IS important to note that although m these low pH groups the 
external pH was much higher than the nonunal 6 S because of photo- 
synthesis, it could not nse to the point reached by the normal and 
high pH groups Tins is because in the process of reduang the sea 
water pH about 19/20 of the bicarbonate origmally present was 
removed 

In one experiment for example m which about 600 cells (of about 200 cc volume) 
were exposed with constant artificial illummation to 2 liters of sea water onginally 


This indicates that the sea water was shghtl> supersaturated with COj, 
which might easilj' happen in a small volume of sea ivater in a small tightly stop- 
pered bottle 
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at 6 8 the pH rose to 7 7 in 5 hours and overnight to S 4 but not higher after 
further exposure It seems probable therefore that eten m the laj erof seauater 
just outside the protoplasm the pH did not rise much above 8 4 This would 
explain the difference between the cells in low pH as contrasted with those at 
normal and high pH 

Summanzing the experiments with lUununation, constant or inter 
luittent, we find that in all cases where a pH difference w as maintained 
the growth and rate of entrance of potassium w ere greater at the higher 
pH 

In those cases where, in spite of nominal differences of pH, the 
cells behaved ahke it is probable that, owing to photosynthesis, or 
supersaturation of the sea water by COj, little or no actual difference 
existed 


D Expenmenis tn the Dark 

In an effort to avoid the changes in the pH of the sea water due to 
photosynthesis, some experiments were earned out in the dark at high 
(8 9) and low (6 9) pH with a control at pH 8 2 In these expen 
ments the cells were exposed either in 2 liter bottles or large Pyrex 
tubes darkened by the application of several coats of black Duco A 
rapid flow of sea water was maintamed in all cases In normal and 
high sea water in contact ivith cells there was a tendency for the pH 
to fall shghtly but this was easily corrected by aeration In the 
second expenment of this senes the potassium content of the sea 
water was raised to five times the normal value ” 

The results of the experiments in the dark may be summanzed as 
follows There was no defimte evidence of growth at any of the pH 
values studied, even when the gradient was raised by mcreasing the 
potassium content of the sea water to five times normal Nor was 
there any deasive dnft in the rate of entrance of potassium moles 
except that in the low pH group there is some indication tliat potas 
Slum came out of the cells, especially in the expenment in which the 
concentration of the potassium in the sea water was normal 
The fact that the uptake of electrolytes depends on light accords 

” This was done as desenbed in a previous paper bj the addition to normal 
sea water o{ suitable amounts of artificial sea water, in which all the sodium win 
replaced bj potassium CJ footnote 3 
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mth the experience of Hoagland^^ and his collaborators, and of M M 
Brooks, and with our own earher experiments 
To explain the failure of cells to grow and take in potassium'we may 
consider the following 

In the first place account must be taken of the effect of respiration in the dark 
The CO 2 produced in the cell may diffuse out and produce a pH change in the 
layer of sea water next to the outside of the protoplasm The folloiving experi- 
ments show that changes do occur but they are not nearly as extensive as those 
produced by photosynthesis 22 

In these expenments sea waters at three pH’s after adequate aeration were 
exposed to cells m darkened Pyrex bottles and the changes compared with those 
in the same sea waters not exposed to cells The results are given in Table VIII 
The pH tends to fall shghtly, not enough to explain the failure of the cells to 
grow in the dark at high pH and take in potassium when its concentration outside 


TABLE VIII 

pn of Sea Water Snrroimdtng the Cells 


Time 

Low pH 

Control 

High pH 


Control 1 

Experiment 

Control 1 

Experiment 

Control 

Experiment 

hrs 

0 

6 8 

6 S 

7 9 

B 

8 6 

8 5 

24 

6 9 

6 8 

7 9 

B^l 

8 5 

8 3 

96 

7 0 

6 7 

8 1 

mmt 

8 4 

8 1 


was five times normal We must bear in mind, however, that owing to respiration 
the pH just outside the protoplasm mav be considerably lower than in the main 
body of sea water 

It seems much more probable that the failure to grow is due to the inability 
of the cell to manufacture cellulose in the dark This might prevent the 
stretching of the cell wall and so render growth impossible This is the more 
hkely since there is little or no storage of carbohydrate in these cells 

It might be supposed that even in the absence of growth potassium and sodium 
Mould continue to enter If this occurred the osmotic pressure Mould rise and 

2’ Hoagland, D R , and Davis, A R , / Gen Physiol , 1923-24, 6, 47 Hoag- 
land, D R , Hibbard, P L , and Davis, A R , / Gen Physiol , 1926-27, 10, 121 

25 Brooks, M M , Protoplasma, 1926, 1, 305 

25 Cooper, W C , Jr , and Osterhout, W J V , / Gen Physiol , 1930-31, 
14, 117 

This, of course, IS not unexpected for respiration is going on steadily even when 
the cell IS lUununated and therefore CO. is coming out of the vacuole, but clearly 
so sloMly that it does httle to offset the photosynthetic abstraction of COj 
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put an increasiBg pressure on the cell ^all and this might be expected to check 
the further entrance of electrolytes It would seem that this situation needs to 
be clarified by further investigation since m NtteUa the concentraUon of clectxol vt es 
and the osmotic activitj in the sap rise far above those m the pond Viaitcr, but it 
must be remembered that in the latter they are exceedingly small and that m 
the sap they never reach the values found in VaJonta 
In experiments in the dark at pH 6 8 (K^) (OH,) is less than (Kf) (OH ) and 
we should therefore expect potassium to come out of the cell as indeed it did 
In 15 days the loss m K moles was 4 4 per <^nt as compared mth a loss of 0 12 
per cent m the control and a gam of 1 9 per cent at pH 8 8 The rate of decrease 
of potassium moles was rather slow and it w'as compensated by a gam of sodium 
moles This would be expected since (Na«) (OH) is greater than (Nai) (OH ) 
The third possible explanation of the failure of the cells to grow in the dark 
and take in potassium denves from the suggestion * that the entrance of electro- 
lytes may depend on the presence m the protoplasm of certam acids which act 
as earners of potassium (see p 747) as guaiacol acts in a model which accumulates 
potassium If such camera exist in Valonta the> mav be fugitive compounds 
present only during photosynthesis 

In view of the fact that we ate mdined to emphasize the importance of n 
earner m cell permeabdity, the following ma> be of some sigoificancc Hundes 
hagen^^ has sinthesized a digl}cer)l stearyl phospbonc acid, the sodium and 
potassium salts of which are more soluble m non polar orgamc solvents than in 
water this applies in even greater degree to the calcium salt Recently Chibnall 
and Channon*® have demonstrated the presence of a very similar compound in 
the form of the Ca salt in a variety of cabbage (Brasstca oleracea, L ) Still more 
recently Smith and Chibnall’* have extracted a similar compound from Daciyhs 
glomerata, L It is mteresUng therefore, to consider whether the earner in the 
protoplasm may not be some such compound 

It may be noted that the compounds desenbed are related to the phosphalidcs 
according to the following scheme’ 

CHjOCORj CffjOCOR: 


I 

ino/ 


The Ca salt of the 
diglyceryl phosphoric acid 


I /ClI, 

CHiOr— 0— uiiA^cn, 
!l\oii ncH, 
o on 

\ pho phalidc 


” Osterhout, W J V , and Stanley \V M,/ Gen Physiol I9H-32 16,667 
Hundeshagen F,/ praht Chem ^ 1883 28, v s 2,219 
Chibnall A C , and Channon H J Bmchrm J , London 1927 
” Snuth,J A B , and Chibnall, A C Biochtm J London 1932 2G, 

” HereiJ, R, etc,, arc different fatty aad residues (each taken once) 
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This IS of interest m connecUon with the claims®^ of Hansteen-Cranner, Grafe, 
Magistns, and others that phosphatides are present in the protoplasnuc surfaces 
and play an important part in determining their permeability 

If the substances concerned resembled those described by Hundeshagen we 
imght expect them to collect in the non-aqueous protoplasmic surfaces and to be 
very slowly dissolved out by distiUed water this action would be checked by the 
addition of calcium to the distilled water To this extent the picture fits the 
situation found in the protoplasmic surface of Nitella Whether HCl and NaOH 
would dissolve these salts (when mixed with other substances) more rapidly than 
distilled water (as we nught mfer from the experiments on Nttella) is not known 
but may not be impossible 

There are, however, other changes which accompany the pH changes of the 
sea water, which may have some effect Thus the changes in the C02-HC03-C0j 
buffer system may be important For example, at both high and low pH in 
our expenments the concentration of the bicarbonate ion was reduced Hence, 
if, as M M Brooks^® believes, sodium or potassium bicarbonate can pass through 
the protoplasm as such, account must be taken of this factor But both experi- 
ment^® and theory seem opposed to this Further it might be thought that 
the reduction of bicarbonate outside would change the rate of exchange of bi- 
carbonate ion for chloride ion These pomts, however, cannot be settled without 
further experiment 

It may be added that the temperature of illuminated cells is higher than that 
of the surroundmg solution 


DISCUSSION 

The effect of pH might be thought to indicate that potassium pene- 
trates as K+ which enters in exchange for H+ produced in the cell 

Hansteen-Cranner, B , Zur Biochemie und Physiologic der Grenzschichten 
lebender Pflanzenzellen, Christiania, GrjiJndahl and Sf^ns, 1922 (Meldinger fra 
Norges Landbrukshdiskole, 1922, 2, Nos 1 and 2 ) Grafe, V , Biochem Z , 
Berhn, 1925, 169, 445, 1929, 205, 256, Bcilr Biol B, anz , 1928, 16, 129 
Grafe, V , and Horvat, V , Biochem Z , Berhn, 1925, 169, 449 Grafe, V , 
and Magistns, H , Biochem Z , Berhn, 1925, 162, 366, 1926, 176, 266, 177, 
16 Grafe, V , and Ose, K , Biochem Z , Berlm, 1927, 187, 102 Grafe, 

, and Freund, K , Bcitr Biol Pfianz , 1928, 16, 140 Magistns, II , 
Biochem Z , Berhn, 1929, 210, 85 Magistns, H , and Schafer, P , Biochem Z , 
Berlin, 1929, 214, 440 Thierfelder, H , and Klenk, E , Die Chemie der Cerc- 
broside und Phosphatide, Berhn, Juhus Springer, 1930 

Osterhout, W J V, and Hill, S E,y Gen P/iysio/, 1933-34, 17, 87 
Brooks, M M , Puh Health Rep , U S P H S , 1923, 38, 1470 These 

results might be explamed equally well as due to the entrance of KOH 

Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1929-30, 13, 695 
Osterhout, W J Y , Ergcbn Physiol , 1933, 36, 984, 993, 1002 
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(the ions passing as such through the protoplasmic surface) But the 
calculations of Table IH show that at the pH values stated the change 
m the rate of entrance would then be much less than actually observed 
These calculations are made as follows 
The rate of entrance would be proportional to(K ) (Hi) — (Kj (H.) 
Hence,” other thmgs being equal, we may put for the first penod in 
Table I 


Kate at pH S 8 0 12 (IQ-*'*) - 04952 _ 

Rate at pH 8 2 “ 0 12 (10-* “) - 0 4952 “ 

In this way we obtain the values m Table HI The average for the 
three penods is 1 09 uhich does not agree so uell with the average 
observed value of 3 S as does that of 5 53 calculated on the assumption 
that potassium enters as KOH The effects of photosynthesis would 
make the observed value less than the calculated (see p 740) But 
there seems to be no way of explaining the discrepancy between the 
values of 1 09 and 3 5 except by assuming that ionic exchange is 
ummportant 

As ionic exchange has recently been discussed elsewhere” it is not 
necessary to deal with it at length here We need only say that in 
general its rftle appears to be a very subordinate one m the entrance of 
electrolytes 

Ixit us now consider m more detail the idea that potassium enters 
chiefly as KOH If this should come about as in certam models” 
(where potassium accumulates) we may suppose that KOH umtes 
ivith an aad HX in the protoplasmic surface to form KA' which 
reacts with COj in the sap to form KHCOj The rate of entrance 
would then be proportional” to (K ) (OH,) — (K() (OHi) and must 
therefore mcrease as the aadity of sap increases so that we may expect 
that as respiration increases the rate of entrance of electrolytes and of 
growth wall also increase This seems to be true m general since 
young, rapidlj growing cells usuallj have i rchtivelj high rate of 
respiration This has been discussed elsewhere ” *" 

”Os(erhout, W J V ,J Gen Fkis^l 1950-51 24,277 

”Osterhout,W J V,J Gen Fliysjel .mi-ii 16,529 Ostcrhout.W J V 
Kamcrimg S E and Stanley W M / Gen Physw! , 1953-34, 17, 445 469 

” We find that m models (fooUiote 28) when CO, stops bubbling the growth 
lalls off 
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The function of respiration in this connection appears to be twofold, 
not only keepmg (OH,) low but also furnishing HCO3 for exchange 
with Cl An exchange of this sort is assumed in order to account 
for the fact that potassium accumulates as KCl It might also be 
suggested that HCl enters to displace CO2 which can rea^y escape 
The product (K.) (Cl.) is greater than (Ko) (CL) and it is evident 
that energy is required to brmg this about Doubtless this is derived 
from respiration but the mechamsm requires eluadation In mod- 
els-® we are able to raise the product (K.) (HCO3,) far above 
(Ko) (HCO3 J by simply bubbhng CO2 inside, t e , without using any 
of the energy denved from the formation of CO2, so that we bnng 
about accumulation by using what is ordinanly regarded as a waste 
product of the cell 

When the rate of entrance of KOH increases slowly there may be httle 
or no nse m the pH of the sap^- because it may be prevented by the 
exchange of HC 03 ~ for Cl~ or by the production of acid m the cell 
but when KOH enters rapidly there may be a local rise in pH just 
mside which will check the entrance of KOH and this may explain 
why the rate of entrance at high external pH is less than the calcula- 
tion would mdicate a rise m pH in the sap as a whole is found in some 
cases (Tables I and II) We expect httle or no change m the concen- 
tration of potassium or of hahde smce water will enter because of 
the increased osmotic pressure in the sap (this agrees with experi- 
ments) in consequence growth mcreases (Tables I and II) 

The opposite picture is seen when the external pH is lowered and 
the entrance of potassium falls off (Fig 2, Tables IV to VII) 

Smce the rate of entrance depends on the external pH it seems pos- 
sible that there may be considerable difference between hght and 
darkness In the light the value of (OHo) just outside the protoplasm 
vould increase as the result of photosynthesis, thus favoring the 

Regarding cwdence for this see footnote 37 We assume that HCOj and 
Cl pass m molecular form through the protoplasmic surface 

■*- If KOH react with HA' m the protoplasm to form KA' and this in turn with 
H-COj to form KHCOj in the sap the end result is the same as if KOH penetrated 
as such (which would increase the pH of the sap) 
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entrance of KOH “ In darkness the value of (H.) just outside the 
protoplasm would increase as the result of respiration, thus fa\onng 
the entrance of HCl 

In conclusion it may be desirable to point out that the effects of 
photosynthesis here descnbed would not alter the conclusions of former 
papers in cases where variation m the external pH is not significant, as 
for example in comparing the entrance of potassium from sea water 
containing 0 011 M and 0 24 M potassium * But in dealing with the 
exit of potassium the external pH is important and the calculations** 
would be misleading when based on the measured pH of the sea water 
making no allowance for photosynthesis (unless compensated by a nse 
in the pH of the layer of sap adjoining the protoplasm) 

Such considerations emphasize the importance of a constant flow 
of sea water to control the pH and other variables as far as possible 
Let us now consider the relation between sodium and potassium 
Calculations similar to that given on p 731 show that raising the 
external pH should not increase the entrance of sodium so much as 
that of potassium This agrees qualitativelj with the data (Tables 
I and n) which show that the value of K Na is greater at pH 8 8 
than at pH 8 15“ Possibly this is due in part to changes in the proto 
plasm caused by the higher pH *“ 

The fact that m this case the penetration of electrolytes depends on 
the external pH leads us to ask whether this is of general application *’ 
Smee as a rule growth depends on pH the followmg mterpretation is 
offered tor consideration As the pH of the external solution rises 
from the nunimum at which growth is possible the penetration of 
electrolytes increases, thereby raismg the mtcmal osmotic pressure 
and causing absorption of water, as seen in models ’ ^\^len the pH 

** If this went far enough it might affect the pH of the sap (as when NHj entersl 
unless compensated b> the production of COj in the sap But since the volume of 
sap is so large it is not probable that the effect could ordinarily he detected 
** Such calculations cannot have much accuracy since ivc do not know the 
individual ion activities Cf footnote 12 

** The decline of this ratio m the control might raise the question of injury but 
the cells appeared normal and the growth was good 

*® C/ Osterhout Mil Lrgebtt Phystol 19j3 36, 1017 
** Regarding entrance of cations as hydrates sec Osterhout, V\ J V , Science 
1912,36, 571 Ergcbn Physiol 1933 36 971, 973. Bibliography references 119, 
193a, 194 IPS 
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rises above the optimum secondary changes occur, e g , such altera- 
tions of the protoplasm as are seen in experiments on 1^'itella 

SUMMARY 

It would be natural to suppose that potassium enters Valonia as 
KCl since it appears in this form m the sap We find, however, that 
on this basis we cannot predict the behavior of potassium in any re- 
spect But we can readily do so if we assume that it penetrates 
chiefly as KOH We may then say that under normal conditions 
potassium enters the cell because the ionic activity product (K) (OH) 
IS greater outside than inside This hypothesis leads to the following 
predictions 

1 When the product (K) (OH) becomes greater inside (because 
the inside concentration of OH" rises, or the outside concentration 
of K+ or of OH" falls) potassium should leave the cell, though sodium 
continues to enter Previous experiments, and those in this paper, 
indicate that this is the case 

2 Increasing the pH value of the sea water should increase the 
rate of entrance of potassium, and vtcc versa This appears to be 
shown by the results described in the present paper. 

It appears that photosynthesis increases the rate of entrance of 
potassium by mcreasmg the pH value just outside the protoplasm 
In darkness there is httle or no growth or absorption of electrolytes 

The entrance of potassium by ionic exchange (K+ exchanged for 
H+ produced m the cell), the ions passing as such through the proto- 
plasmic surface, does not seem to be important 

^sOsterhout,W J V,andHiU,S E,J Gen Physiol 11, ^ 

Below the TniTumnm and above the maximum pH visible alterations m the pro- 
toplasm occur and m tune there is permanent injury or death 
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I 

An explanation has been given of the greater absorption of light in 
the farther half of a single, cylindrical cell illuminated in air with 
parallel light from one side (Castle, 1933 h) Aleasurements of light 
paths wi thin two halves of a cylindrical lens m air show that a greater 
total distance is traversed by the refracted rays m the far half than m 
the near half The explanation is based largely on the idea that the 
primary action of light is on the cell protoplasm rather than on the 
wall This interpretation has been tested m the experiments de 
senbed in this paper, by making use of differences in the phototropic 
effectiveness of different planes of polarized light 

n 

The upnght sporangiophore of Phycomyces placed between two 
sources of hght opposed at 180° is remarkably sensiUvc to differences 
m intensity between the two beams Massart (1888) found that the 
cells responded to an intensity difference between the two sides of 18 
per cent, Castle (1931) found a differential sensitivity of about twice 
MassarCs value, in the vicinity of 8 per cent Response is mam 
fested by an inclmation to and growth toward the more mtense light 
The cell does not reach a true position of equihbnum with reference 
to the two beams, and it is therefore best used as a indicator, 

to show equal effects on opposite sides 

In the present experiments, two opposed beams of light plane polar 
ized at nght angles to each other weie used ^Vith reference to the 
vertically growing sporangiophorcs one beam of light was polarized 
honzontally, the other vertically 
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As shown in Text-fig 1, two 3 candle power 6 volt automobile 
lamps were set up 2 meters apart and run m senes on a 12 volt direct 
current Ime from the central storage battery of the Biological Labora- 
tones Voltage fluctuations thus tended to affect both lamps equally 
A large Nicol prism was interposed in each beam, and adjusted so that 
the transmitted beams were plane polarized at right angles to each other, 
one vertically, the other horizontally 



Text-Fig 1 Side view of the apparatus used to obtain opposed beams of 
polarized light a, a, 3 candle power 6 volt automobile lamps run in series on a 
12 volt line 6, movable lamp used to obtain vertical growth of cells before an 
experiment c, culture of Phycotnyces m a glass cell The axes of the two Nicols 
are at right angles, so that the left beam is polarized horizontally, the right 
verticall)" 

A culture of Phycomyces was placed m a rectangular glass cell on a movable 
block at a particular place on the optical bench, and by means of a small electric 
lamp directly above the culture, sporangiophores were caused to grow up through 
a slit in the metal cover of the culture vessel When the cells were at the proper 
stage of development, the overhead hght was put out, and the lamps illuminating 
the cells from opposite sides with polarized light were turned on Undisturbed 
grow th was allow ed to continue for 3 hours, then a photograph was taken of the 
cells from the side Deviations from the vertical became more marked if the 
expenment continued for longer times By using different cultures and varying 
the position on the optical bench, a region of phototropic balance was found where 
cells w'ere either “indifferent,” bending toward neither one side nor the other, or 
where approximately equal numbers bent in each direction The conditions for 
equal phototropic effect of hght polarized in each plane w'ere determined by meas- 
uring the relative intensity of each beam at this region, using a Weston photronic 
cell and a Leeds and Northrop type “R” galvanometer with a SO ohm shunt 
Since the intensities of light were low, the photocell method proved the onl> 
satisfactorj means of measurement To avoid errors due to changes in the sen- 
sitivit\ of the photocell, the raho of galvanometer deflections obtained from each 
beam at a given point on the optical bench was obtained The measurements 
are expressed in terms of this intensity ratio, which proved reproducible to within 
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2 per cent The sensitivity of the photocell to difTcrent planes of polanration « as 
tested b-N rotating it m a beam of polarized light No significant difference m the 
galvanometer deflection was observed Any polarization effect in the photocell 
must amount to less than 1 per cent 

The end point for equal and opposite phototropic effect is not as sharp as might 
be desired for several reasons (1) a positively phototropic organism is not in a 
condition of stable equilihnum under the circumstances of the expenraent, since 
a random movement may place it under the sole onentmg influence of either light 
source to the exclusion of the other Furthermore with equal phototropic stimu 
lation on opposite sides there is nothing but a ueak negative geotropism to keep 
the cells upnght m a plane perpendicular to the axis of the optical bench ikngular 
deviations of the sporangiophores from the \ertjcal in this plane ufll alter, cancel 
or reverse any differences between the effects of the two oppositeh polarized 
beams An experiment must therefore not be continued for such a long time that 
deviations from the vertical become prominent (2) Until a certain intensity 
difference is reached between the two sides no differential growth is perceptible 
Massart found the critical difference to be 18 per cent, but this estimate is cer 
tainly too high For the present expenment this means that a definite zone will 
be found within which approximate phototropic balance prevails (^) Photo- 
tropic balance is achieved by equating two different kinds of light having different 
distributions of intensity wnthm the cell It is assumed that each half of the 
cell m effect summates the light absorbed within it irrespective of the particular 
place of absorption If this assumption is not complelelv justified, there will be 
room for more specific phototropic effects m the action of light polarized m differ 
ent planes Such effects, if enstent, would complicate the conditions for photo 
tropic balance 

m 

The cntical expenment consists in plaang a culture at a position 
where the intensities of the two opposed beams are equal, difTenng only 
m plane of polarization Plate i, Tig 1 h, shows a typical photograph 
taken at the end of such a test The mature, actively grovvmg cells 
have almost all bent to the left, showing that light n hich is polarized 
honzontallj is phototropicaliy more effective than light of equal energy 
polarized vertically Examination of the otherphotographs of Plate 1, 
Fig 1 , confirms this finding, and shows that for equal phototropic effect 
the beam polarized vertically has to be 10 to 15 per cent more intense 
than the beam polarized honzonlaUy It is dear from these typical 
records that a more prease statement of the results is not justified, 
yet that a real difference exists in the effectiveness of the two beams 

Light polanzcd honzontally will undergo a smaller ^ Joss at 
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most angles of mcidence on the cell surface than light polanzed verti- 
cally The loss in each case may be computed from Fresnel’s formulae 
For light polanzed horizontally, 

^ tan* (» — r) ^ 

reflected — : 77 ; : I 

tan^ it + r) 


For hght polanzed vertically, 

T _ (t — r) 

^reflected *“ ^ . X /j 

sm- it + r) 

where 

I = inadent intensit}'^ 
t = angle of incidence 
r — “ *• refraction 

For both planes of polarization, when t = 0 

•^reflected 

where 

n = refractive index of the cell surface 

The percentage reflection losses of representative rays incident on tlie 
cylmdneal surface of the cell at angles ranging from 0° to 90° were 
computed for both planes of polarization, and are given m Table I 
In Text-fig 2 the corresponding intensities transmitted into the cell 
are plotted agamst the angles of madence It is evident that m the 
case of light polanzed honzontally, a large proportion of the rays m- 
adent on the cell at angles around 50° are refracted into the cell with 
little loss of intensity As previously shown (Castle, 1933 b), it is 
especiall}- these more tangential rays whicli have a long path in tlic 
back half of the cell relative to the front half Consequently, greater 
relative absorption of light will take place there than m the case of 
light of equal intensity polanzed vertically 
The magnitude of the difference which might be expected may be 
estimated by formulating the conditions necessary for phototropic 
balance The basic assumptions and the general procedure of the 
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method have already been described (Castle, 1933 i), and will not be 
detailed here Use of polarized light is assumed onlj to alter the 

TABLE I 


Reflection loss and relative absorption in each half of a cylindrical cell of light 
plane polarized as described A and /* are taken from Castle (1933 6) 



V jcr «r cir ♦r v w* iir w* icr 

Angle tf me dene 


Te-sj Tic 2 Intensitj of refracted rays for different angles of incidence 
computed from Fresnels formulae a incident beam polarized honzonuU), 
6 incident beam polarized verticallj The index of refraction of the cell surface 
I5lakenasl5 thatofairasunit; 

amount of surface reflection and thus the relatne intensities of par- 
ticular rays within the cell The further assumption is impliat that 
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the effect of continuous light of low intensity in producing phototropisra 
IS directly proportional to the intensity 

Though It has been shown that light is refracted through these ceUs as if thev 
had a mean refractive index of 1 38, in treating surface reflection the refractive 
index of the reflecting surface should be used For the chit nous cell wall a value 
of » = 1 50 was used m the present calculations, although the light paths inside 
the cell were considered as within a cyhndncal lens of refractive index 1 38 Re- 
flection losses at the internal mterface wall/protoplasm were neglected for the 
sake of simphcitv 



Text-Fig 3 Diagrammatic cross-section of a cell illununated from opposite 
sides with polarized light Only one ray m each beam is shown Detailed de- 
scription in the text 


Let Text-fig 3 represent a cross-section of a cell illuminated with 
parallel light from two sides, the beam on the left being polanzed 
honzontally, that on the nght polanzed vertically For simphaty 
only one ray in each beam is represented Let the cell be considered 
m terms of the two halves, (1) and (2) Furthermore, let 

L = intensity of mcident ray polarized honzontally 
/'j = “ “ “ “ “ vertically 

/ = transmitted mtensitj of ra> polarized honzontally 
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V — transmitted intensity of ray polarized verticall} 
a »= absorption of horizontally polarized ray in (1) 

J = ‘ ‘ “ (2) 

c ■ verucally “ ‘ “ (2) 

d = ' “ • “ ‘ (1) 

Also, for any ray let 

h “ length of light pathway in front half of eell‘ 
h ‘ ‘ ‘ ‘ * back * ‘ 

The condition for phototropic balance is simply that the total ah 
sorption in the two halves must be the same, or that for all rays 

x(o + <f) = 2(6 + c) 

The evaluation of a, b, c, and d is greatly simphfied if the absorption 
coefficient, a, is regarded as mfinitely small If this assumption is 
made, the usual exponential form of the absorption law can be dispensed 
with, and relative absorption written equal to the product of intensity 
and length of absorbmg path Thus on this basis 

o = 7X(i c = /X(, 

6-/Xi, i = /X(, 

The validity of this simphfication depends on the exponent m the 
absorption law being small, implying either a thin absorbing layer 
or a small absorption coeffiaent, or both Probably both of these 
conditions hold in the cell of Phycomyces In anj case, the following 
solution IS for the himtmg case of zero absorption See Table I 
To obtain the summated values of a, b, c, and d for all rays, graphic 
integration is earned out as previously desenbed (Castle, 1933 b) 

2(o) - ^ sm » 2(<() sm i 

2(6) “ ^ J ^ * 

The areas under the curves in Text figs 4 and 5 represent the reHbvc 
amounts of absorption from two polanzed beams of unit intensity 

' ‘Front ’ half of the cell is here used to denote that half of the cell through 
nhichanj madentraj first passes 
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V «» transmiUcd intensity of ra> polarized \ crticalli 
a -= absorption of honaontally polarized ra> m (1) 

6 - « ‘ ‘ ( 2 ) 
c •= " vertical!) ' * “ (2) 

d ~ “ (1) 

ALo, for anj ray let 

A *= length of light pathway m front half of cell* 
fj ‘ ‘ ‘ * * back ‘ * ‘ 

The condition for phototropic balance is simply that the total ab 
sorption rn the two halves must be the same, or that for all rays 
S(o+if) = 2(i + A 

The evaluation of a, b, c, and d is greatly simplified if the absorption 
coefficient, a, is regarded as infinitely small If this assumption is 
made, the usual exponential form of the absorption law can be dispensed 
wath, and relative absorption wntten equal to the product of intensity 
and length of absorbing path Thus on this basis 

C = / X A r - /' X A 

6 = 1X1, i=l XI, 

The validity of this aimpUfication depends on the exponent in the 
absorption law being small, implying either a thin absorbing layer 
or a small absorption coefficient, or both Probably both of these 
conditions hold in the cell of Ph)Comyccs In any case, the follomng 
solution is for the limiting case of zero absorption See Table I 
To obtain the summated values of a, b, c, and d for all rays, graphic 
integration is earned out as previously desenbed (Castle, 1933 b) 


rfo) - 2 j'll.d sm 1 

SW) - 2 j 

n 

' I ltd stn 
D 

-(61-2 J'wsm, 

X(c)-2j 

*1 

I hd sin 

) 


The areas under the curves m Text figs 4 and 5 represent the relative 
amounts of absorption from two polanzcd beams of unit intensitv 

1 Front halt of the cell is here used to denote that lualf of the cell through 
which anj incident raj first passes 
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inadent as descnbed Table I gives the data from which the curves 
were made It will be noted that the ratio of absorption in the two 
halves of the cell is different in the cases of the two oppositely polanzed 
beams 



Text-Fig 4 Te\t-Fig 5 

Text-Fig 4 Plots showng relative absorption in front and back quadrants 
of the cell for different angles of incidence The incident light is parallel and 
polanzed honzonlally Twice the area under Curve 1 represents the total ab- 
sorption m the front half of the cell, twice the area under Curve 2 the absorption 
in the back half 

Text-Fig S Plots showing relative absorption m front and back quadrants 
of the cell for different angles of inadence The incident light is parallel and 
polarized vertically Twice the area under Curve 3 represents the total absorption 
in the front half of the cell, twice the area under Curve 4 the absorption in the 
back half 

Considenng h as constant and equal to 1, what is wanted is the 
value of I'o which will fulfill the condition 

Sfo-fd) =S(&-}-c) 

To' is therefore allowed to increase, which means that the areas under 
the curves in Text-fig 5 will simply be multiplied by whatever value 
of IJ IS used Table II shows that 7/ must increase to between 1 20 
and 1 30 before the desired conditions are fulfilled 
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This means that for phototropic balance the intensity of the ver- 
tically polarized hght must be more than 20 per cent greater than that 
of the horizontally polarized light The experimentally found figure 
was between 10 and 15 per cent Considenng the end point of the 
expcnment, it is clear that the difference between these values is not 
significant The agreement could be made better if a small, ^nite 
value of absorption coeffiaent were used m the computations 
The magnitude of the difference found between the effects of ver 
tically and horizontally polarized hght can therefore be completely 
accounted for in terms of the suggested mechanism of absorption 
This does not prove that the assumptions underlying the explanation 

TABLE n 

Ratio of light absorbed m two halvea of a cell illuminated from opposite sides 
with polarized hght as desenbed m the text The inadent iiitcnsit> of the hon 
zontally polarized beam is unity that of the verticall) polarized beam (/ ') is 
allowed to increase until the conditions for phototropic balance are met 


1 lacideot Icteasitj’ ol TcrticsHy poUttwd tight 


1 00 

1 021 

I 10 

1 010 

I 15 

1 006 

1 20 

1 001 

I 50 

' 0 995 


arc correct Verification of the expected polarized light effect is, 
however, circumstantial evidence in favor of the suggested explanation 

TV 

A few tests have been made of the possible specific action of plane 
polarized hght on living organisms, largely with negative results 
Most conspicuously, the use of polanzmg optical instruments imphcs 
that the human eye registers the intensity of light irrespective of its 
plane of polanzation Crozicr and Mangelsdorf (1923) tested the 
phototropic cffiaency of plane polarized light on several arthropods, 
and found no difference between it and non polarized light of equal 
intensity Macht (1927) reported that seedlings of several different 
kinds of plants grew faster m polarized light than in non polarized 
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light of the same mtensity His published data do not warrant this 
conclusion He measured and summated the growth of the roots of 
different seedlmgs, usually twenty m number, half of which grew m 
ordinary and half in plane polarized light In every case the total 
growth was numerically greater m the polarized light Due to the 
extreme variability m the growth rate, the whole question is whether 
the numerical differences found are statistically significant Com- 
putation of the probable errors of the differences in the case of Macht’s 
squash seedlings shows that the differences are less than twice the 
probable errors of the differences Similar computations for his 
Luptnus seedlings show differences ranging from less than one to four 
times the probable errors of the differences Moreover, since the 
experimental conditions for securing light of identical spectral com- 
position m the two expenmental chambers were not rigorous, the 
possibility of a small consistent difference in spectral quality of 
illumination is not excluded 

The present experiments demonstrate a difference in the effect of 
light depending on its plane of polanzation with reference to the axis 
of the cell The difference which is found can be wholly accounted 
for by differences in the reflection losses at the cell surface and conse- 
quently in the relative intensities of certain rays of light within the cell 
There is no need to postulate a more specific effect of plane polarized 
hght on the growth processes of the cell The difference which might 
be expected between the effects of polanzed and unpolarized hght 
has not been determined It should be smaller than the effect 
measured above, and its detection more difficult 

I am mdebted to Mr William Arnold for suggesting the use of 
polanzed light m these experiments and for many helpful discussions 

SUMMARY 

For the growing cell of Phycomyces, a difference m the phototropic 
effect of light is descnbed depending on its plane of polarization with 
reference to the axis of the cell The difference which is found is 
pnmanly due to differences in the reflection losses at the cell surface 
The magnitude of the effect approximates that deduced from the 
theor}'' of phototropism suggested for this system No specific effect 
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of plane polarized light on the growth processes of the cell need be 
postulated 
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EXPLANATION OF PLATE 1 

Fig 1 a,b,c,d, e, and / are photographs, taken at the end of 3 hours, of sepa- 
rate experiments in which cultures of onginaliv straight cells were placed singly 
between two sources of light, the left polarized honzontally, the nght vertically 
The relative intensities of the hghts on the two sides are expressed by the ratio 
given at the bottom of each plate The top half of each photograph corresponds 
to the region where the intensities were measured, and where the mature, growing 
sporangiophores were The degree of crowdmg in a culture is exaggerated, since 
the cells grew through a sht 2 cm long perpendicular to the plane of the paper, 
and are here seen supenmposed in silhouette Real crowding and shading may 
be seen m the lower half of a Note (1) that m b where the intensity ratio is 
nearly 1 1 the cells bend definitely to the left, and (2) that d and e represent ap- 
proximate phototropic balance 





THE GROWTH ANO DURATION OF LIFE OF CELOSIA CRTS 

TATA SEEDLINGS AT DIFFERENT TEMFERATURES 

By THOitAS I EDWARDS RAYilOND PEARL and SOPHIA A, GOULD 
{From the Dtparhnent of Biology of the School of Hygiene and Piibltc Health The 
Johns Hopkins University, Baltimore) 

(Accepted for pubhcation, December 26 1933) 

Papers on the temjjerature relations of seedhngs grown in darkness 
at several constant temperatures may be classified according to the 
length of the growing period dunng which measurements were made 
Sierp (18), Silberschmidt (19), and Hamada (7) measured the lengths 
of oat coleoptiles throughout the grand period of growth, obtaining 
much the same results, although it is to be noted that arithmetical 
errors in Sierp’s table (18, p 442) apparently led him to erroneous 
conclusions as to the position of the optimal temperature Sdber 
schnudt (19) earned out experiments on pea and nee seedhngs also, 
his data and his discussion arc the most important recent contnbution 
to this subject Rudolfs (16) made similar measurements on bean 
seedlings but unfortunately he did not publish his numencal results 
Pearl, Edwards, and Miner (14) reported the results of such tests on 
Ctfcutms vielo seedlings The data to be presented m this paper fall 
m the same category In all these expenments the plotted growth 
data for each constant temperature fall along S shaped curves of the 
logistic t>pe Both the final heights of the seedlings and the duration 
of growth, and consequently the time rate of growdh, ate influenced by 
temperature Usually the temperature that induces the most rapid 
growth at first is somewhat higher than the one which finally yicl s 
the tallest seedhngs 

Two important experiments extended over only a part of the groivth 
evde LchenhauePs (10) measurements of the growth of rnaize 
seedlmgs were made at nearly thirty constant tcmpcralures an is 
data were the first to show a change m the opUmal temperature as 
growth progressed Unlike Lehenbauer’s daU, which showed an 
increase in the optimal temperature with time, Talma s (2 ) expen 
763 
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ments on Lepidiiwi salivum roots showed a decrease in the optimal 
temperature with time 

Measurements confined to the first stages of seedling growth were 
reported by Sachs (17) m 1860 and as a result of his work the papers of 
de Vries (22), Koeppen (9), and Haberlandt (6) appeared within a 
few years All used seedlings of crop plants Mucli later Newcombe 
(12) carried out experiments on the seedlings of fifteen species, mostly 
cultivated grasses and cereal crop plants So far as they go, his data 
for Lepidium sahvum confirm Talma’s work Leitdi (11) and Ceri- 
ghelh (2) presented data on the temperature relations of pea seedlings, 
Gericke (4) made tests on the early growth of wheat seedlings, and 
Fawcett’s (3) tests on citrus seedlings belong m this class Vogt (21) 
made measurements on the final length of oat coleoptiles grown in 
darkness at a number of constant temperatures and found an unu- 
sually low optimal temperature (12 S°C) 

In the later work m this field less attention is paid to the tempera- 
ture optimum* than fonnerly, principally because it is alleged to change 
as giowth progresses Sierp (18) and Silberschmidt (19) centered their 
attention prmapally on tlie grand period of growth and more than 
their predecessors regarded the series of constant temperatures they 
tested as a convenient means for creating a graded scries of environ- 
ments m which seedling growth could be studied, and this is the treat- 
ment to be followed here 


Material and Methods 

Cclosia enstata is a member of the Amarantliaceae extensively grown 
in flower gardens under the name of cockscomb When grown on agar 
in darkness, as m these expenments, the seedlings develop a primary 
root which penetrates the agar to a depth of 2-3 cm and whidi forms 
no lateral roots The hypocotyl is curved at the upper end so that the 
cotjdcdon hangs downward for the first few days of growth and then it 
straightens, so that by the time growth has ceased the long, narrow, 
and reddish yellow cotyledons point upwards The cpicotyl docs not 
develop under these conditions The length of the hypocotyl seems 
to be a satisfactor}’’ measure of growth, the hypocotyl is cylindrical, 

* For a discussion of the sense in wliicli opUmum temperature for growth is 
used in our work in this laboratorj, including the present paper, sec Pearl, Ed- 
wards, and Miner (14) 
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and Since there is very little increase in the diameter of the organ this 
measurement also may be regarded as proportional to the volume of 
tissue produced, and may be taken as an index of groixth ytcU The 
only organ competing with the hypocotyl for the food stored m the 
cotyledons is the primary root, this runs through a grand cjcle of 
growth just as does the hypocotyl and terminates its growth a little 
earlier 

The technique used in these expenmcnts w as, in general, that which 
has become standard in many years of seedbng work m this laboratory 
(see Pearl (13), and earlier papers there ated, and also Gould, Pearl, 
Edwards, and Mmer (5)) 

Seeds of about the same size were sorted into lots of 22, havmg a 
combined weight of about 0 0195 gm , each lot being used for the 
experiments at one constant temperature After being soaked in 
1 1000 HgClj solution the seeds were nnscd once and soaked for 3 
hours in sterile distilled water Tor germmation and growth they 
were transferred to individual culture tubes 15 cm long and about 
1 6 cm m internal diameter and distributed among constant tempera 
ture cases maintaimng sis temperatures between 14 5° and 40 5°C 
The tubes were kept in darkness and the hypocotyl length was mcas 
ured daily in red light 

After the rate of elongation had fallen below an average rate of 
about 0 1 mm per day measurements were discontinued but the seed 
lings were kept at the same temperatures and observed regularly to 
ascertam the beginmng of death of the hypocotjl of each seedling 
The first visible signs of death of the hypocotyl were the appearance 
of a translucent zone or the shrinkage of the upper portion In some 
specimens the cotyledons shrunk before the hypocotyls showed any 
morbid symptoms At 40° blackening of the seedlings occurred at 
death and the symptoms in general differed from those of the other 
cultures so that the recorded data arc not quite comparable in this one 
respect 

RESULTS 

Grtnith 

Table I shows the mean lengths of Celosia hypocotyls for various 
intervals after planting at the sk constant temperatures tested The 
cultures ciposed at 14 5°, 20°, 30°, and 40 5° were first examined 12 
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hours after planting and at 24 hour intervals thereafter The 25° 
and 35° cultures were first examined 18 hours after the seeds were 
placed in the culture tubes and subsequently at 24 hour intervals 
Observations were also made 24 hours after planting at 30° and 35° 
Besides the main senes of tests which was begun in January, 1933, 


TABLE I 


Mean Heights of Celosia enstata Scedhngs at Different Intervals after Planting 


Interval 

after 

planting 

Temperature 

Interval 

after 

planting 

1933 

data 

1930 

data 

1933 

data 

1930 

data 

US’ 

20° 

30° 

40 5° 

25° 

35° 

days 

mm 

vtm 

mm 

mm 

days 

mm 

tnm 

mm 

Vtm 

1 0 

— 

— 

0 9 

— 

1 00 

— 

— 

2 0 

— 

1 5 

— 

— 

3 0 

1 5 

1 75 

1 1 

1 1 

5 2 

5 4 

2 5 

— 

— 

11 4 

6 2 

2 75 

6 1 

5 7 

16 4 

11 6 

3 5 i 

— 

— 

21 9 

10 1 

3 75 

13 4 

13 7 

26 5 

25 2 

4 5 

— 

1 3 

29 7 

11 7 

4 75 

20 2 

21 1 

31 5 

30 3 

5 5 1 

— 1 

4 0 

34 0 

12 3 

5 75 

26 0 

24 8 

33 5 

31 9 

6 5 

— 

8 4 

35 7 

12 7 

6 75 

29 1 

26 5 

34 1 

32 5 

7 5 

— 

12 8 

36 2 

— 1 

7 75 j 

30 7 

27 1 

— 

32 7 

8 5 

0 7 

17 0 

36 3 

— 

8 75 

31 6 

27 7 

— 

_ 

9 5 

1 7 

20 8 

— 1 

— 

9 75 

31 7 1 

— j 

— 

— 

10 5 

2 6 

23 0 


— 

— 

— 

— 

— 

— 

11 S 

3 7 

24 6 


— 

— 

— 

— 

— 

— 

12 5 

5 6 

26 2 

— 

— 

— 

— 

— 

— 

— 

13 5 

7 3 

26 8 

— 

— 

— 

— 

— 


— 

14 5 

9 4 

27 4 

— 

— 

— 

— 

— 


— 

15 5 

11 3 

27 7 

— 

— 

— 

— 

! — 

— 

— 

16 5 

13 9 

— 

— 

— 

— 

— 

— 

— 

— 

17 5 

15 3 

— 

— 

— 

— 

— 

— 

— 


18 5 

17 0 

— 


— 

— 

— 

— 

— 

— 

19 5 

17 7 

28 3 


— 

— 

— 

— 

— ‘ 



20 5 

18 7 

— 

— 

— 

— ■ 

— 

— 

— 

— 

21 5 

19 3 

— 

~ 

— 

— 

— 

— 

— 

— 

22 5 

19 9 

— 

— 

— 

— 

— 

— 

— 



23 5 

20 0 

— 

— 








two temperatures, 25° and 35°, were tested in the spnng of 1930, 
these data are presented m Table I for companson with the other 
senes but they were not used in the preparation of the graphs These 
two sets of data for these temperatures appear to show satisfactory 
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agreement considering that commeraal seed produced in different 
seasons were used in the tno senes of tests 
Tig 1 shows the growth curves that result when these data are 
plotted, and bnngs out the considerable differences in height and 
growth rate assoaated with different temperatures For a consider- 
able part of the growth penod the seedlmgs cultured at 35° were taller 
than at any other temperature and it was not until comparatively late 
in the growth cycle that they were surpassed by the 30° seedlings 
At 25° growth was slower and the final height was a httlc less than 


ffm 



Tig I Growth curve of Cehsia crulata hiTJOcotvk groim in darkness at sis 
constant temperatures 

at 35° At 20° the begmning of measunblc elongation was delajed 
and both growth rate and final height were less than at 25° There 
IS a much longer latent penod before growth commences at 14 5° 
and growth rate and final height arc still less The irrcgulantics of 
the 14 5° curve arc probably due to difficulties of measurement, the 
curvature of the agar surface tended to conceal the base of the 
hypocotyl 

in these respects the behavior of Celesta is verj similar to that of 
Cucumts vide scedhngs growai at these temperatures with the same 
treatment (14) 
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temperatures Dots indicate observed heights of h'l pocotvis 
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At 40 5°growth abnormalities -were observed , manj hypocotvlsnere 
bent or twisted and some underwent veiy little elongation, and the 
roots, for the most part, either lay on the surface of the agar or pene 
trated it so shallowly that thej provided verj little anchorage Sir 
of the seeds nere planted near enough the wall of the tube so that the 
hypocotyl could obtam mechanical support by restmg against the w all 
and these sly w ere used for grow th measurements It should be em 
phasized that the appearance of the measured hypocotyls, and of the 
ones which were so coded that measurement was impossible, was not 
greatly different from that of seedlmgs grown at lower temperatures, 
apart from their shortness It appears that the hypocotyls were able 
to elongate, although at a very low rate compared with the 35° cul 
tures, and to grow upward from whatever position in w hich thej found 
themselves, but the failure of the roots to function properly left the 
hyrpocotyls without any anchorage Any normal geotropic response 
of the hypocotyl would alter the center of gravity of the seedling 
making it fall into another position from which another geotropic 
response could be made only by altering the direction of grow th 

The three dimensional diagram shown m Fig 2 has been constructed 
from the data of Table I according to the same plan, and by the same 
methods, as the corresponding diagram in our Cuctnms paper (14) 
eveept that m the present case the part of the curve which approaches 
the upper asymptote has been extended to show the total duration of 
life (Table H) 

An inspection of the transverse planes of the diagram, which connect 
culture periods of the same duration, rev'eals a gradual apparent shift 
of the temperature at which growth is temporarily going on at the 
most rapid rate, from 35° at the beginning of growth to 30° by the 
time growth ceased In other words, after a high initial growth rate 
the 35° secdhngs elongated more slowly than the 30° ones This wall 
appear more clearly as the data arc analyzed quantitatively The 
same sort of shift of the growth rate with temperature as growth 
progresses has been found by Lehenbauer (10), Talma (20), Silber 
schrmdt (19), and Pearl, Edwards, and Miner (14) 

Having seen graphically the general course of events in the expen 
ments we may now proceed to their analysis along the same lines as 
were followed in our study of Cucumts vtclo seedlings If tlie total 
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average growth rate at each temperature is computed by dividing the 
mean total yield (length of hypocotyl) by the time from planting to 
cessation of growth, it is found that in Cdosia, just as in Cncwms, the 
relation between temperature and time rate of growth is parabolic 
over the observed range of these experiments 



Fig 3 The relation between temperature and mean total growth rate in the 
seedhngs of (a) Celosta crtslala, and (6) Cucuims vielo The observations are 
given b}’’ crosses in the case of Celosta and b^' circles in the case of Citcttvus The 
smooth curves are the graphs of the respective parabolas, fitted bv least squares 

Fitting by least squares, the equation is 

R = 0 898 r - 0 015P - 9 689, (i) 

where R denotes mean total groivth rate, and T temperature in Cen- 
tigrade degrees 

In Fig 3 this curt^e is plotted against the observations, and it is 
apparent that it describes the relations vnth reasonable accuracy, "when 
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the relatively small magnitude of the observational material is taken 
into account For the sake of companson the corresponding curve 
from our Ciicumis inch study is plotted on the same diagram 

It IS seen from Fig 3 that while these two speaes follow the same 
general rule as regards the relation of growth to temperature under the 
specified experimental conditions, in that the mean total growth rate 
IS lower as the temperature departs from the optimum in either dircc 
tion, there is in one respect a stnking difference between the two 
speaes Celosta crtslah seedlmgs arc much less sensitive to a differen 
tial influence of temperature upon growth than arc Cncumts inch 
scedhngs The Cchsta curve is much flatter In the case of Cncumts 
the mean total growth rate at the observed optimum temperature 
(30°) 15 roughly ten times as great as it is at 1S° On the other hand, 
in the case of Cehsia the mean total growth rate at the observed opti 
mum temperature (30°) is only about five times as great as at 15°, 
and even less at the probably true optimum temperature (from the 
fitted curve) In other words, Cchsta seedlings arc much less thermo 
labile than Cncumts seedhngs 

Whde from the gross observations it would appear that the optimum 
temperature for growth rate was higher for Cchsta than for Cncumts, 
actually if the differential coefficient for equation (i) is put equal to 
zero the result is 

- =.0 89?52 - 0 029+Hr = 0 (.0 

dr 

and 

r„, -30 4S' 

This value is thus close to that reported in our Cncumts studj (14), 
w hich was 29 74° 

The above analysis of the quantitative relations between tempera 
turc and growth follows the same lines as that of our Cncumts inch 
study (14) In the present case, as in that, we tried different poslu 
lates as to a single numerical measure of mean growth rate in a give) 
temperature, and as to the separation of visible, measured growth o 
hypocotyl from the processes of germination Rut in Cchsta, just 
in Cncumts, it was found that no difference in the csscnUal results 
conclusions resulted For a detailed discussion of this matter t 
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reader is referred to the Cucuims paper (14) There seems no point 
in repeating it here 

It has been noted above that in these experiments temperature 
appears to affect growth differently in different parts of the cycle 
The observations on the point are given more precisely in Table II 
The first set of percentages, given m the left half of Table II, state 
the approximate percentage of the final mean total yield (hypocotyl 
length) at each temperature which the plants in that temperature 
series have achieved at the end of the first quarter, the first half, and 
the first three-quarters of their own respective total growth periods 
Thus at the end of the first half of their growth period the 14 5° 
plants had made 20 9 per cent of their total yield The second set of 


TABLE II 

A pprownalc Relative Hypocotyl Lengths at Stated Relative T ivies, and in Proportion 
to 30° Hypocotyl Lengths at the Same Relative Times 


Percentages of 
total growth 
period 

Percentages of own total growth 

Percentages of own growth to 50° growth 
at same relative times 

14 5° 

20° 

2S°° 

50° 

55°° 

40 s° 

14 5° 

20° 

25°° 

50° 

5S°* 


25 

0 

8 2 

14 3 

22 7 

19 4 

16 4 

0 

28 0 

55 0 

100 

44 2 

25 3 

50 

20 9 

75 4 

66 0 

76 4 

66 6 

71 9 

15 0 

76 9 

75 4 

100 

81 8 

32 9 

75 

77 6 

96 9 

94 6 

97 8 

94 2 

93 9 

43 7 

77 3 

84 5 

100 

90 5 

33 6 

100 

100 

100 

100 

100 

100 

100 

55 1 

78 0 

87 3 

100 

93 9 

35 0 


* 1933 data 


figures, in the right half of Table II, shows the approximate percentage 
which the achieved yield in each temperature series was of the yield 
in the 30° senes (30° bemg the observed optimum temperature for 
total yield) in one-quarter, one-half, and three-quarters of the total 
growth period Thus it appears that the 20° plants at the end of half 
their growth period had produced only 76 9 per cent as much yield 
as the 30° plants in the first half of their cycle The percentages in 
Table II are approximate because, in interpolating times and yields, 
we have assumed that growth proceeded at a constant rate between 
any tuo recorded observations in Table I This is not strictly true, 
but the error is negligible for present purposes In the computations 
germination, m respect of time, is counted as a part of growth 
















IHOJXASI EDWAMJS, RAYMOND PEARL, AND SOPntA A GOOTO 773 


rrom Table II the follotving points may be noted 

1 The seedlings in these CYpennients did not in anj case attain as 
much as 25 per cent of their total growth in the first quarter of their 
total growth penod Those in the 30“ senes came nearest to it 

2 When a half of the growing penod had been completed the seed 
lings in all of the temperature senes except at 14 5° had achiexcd 
2/3 or more of their final total yields At the end of the first three 
quarters of their total growth penods all of the seedlings had achieved 
more than 75 per cent of their total yields, and all of them except in 
the 14 5° senes well over 90 per cent of the final total yields 

3 In Celosta crislata, under the conditions of these expenments 
just as we have shown (14) to be the case in Cuctimis melo, the greatest 
growth activity was concentrated in the second quarter of the growth 
cycle, except at the lowest (14 5°) temperature where the greatest 
growth per unit of time occurred in the third quarter of the cycle 

4 Except in the 14 5° senes the amount of growth activity dis 
played in the fourth (final) quarter of the cycle was extrcmelj small 

5 At all other temperatures tested, and at all parts of the grow th 
cycle, the yield at any given comparable point in the cycle was less 
than that in the 30° senes at the corresponding lime In other w ords, 
while, as has already been pomted out, maximum growth activity 
may occur at different parts of the cycle in different temperatures, the 
greatest growth of Celosta cnstala seedhngs as measured by yield 
occurs at 30°, not only m the cycle as a whole, but also in each of its 
equivalent parts, on a relative time scale In the face of this fact it 
would seem to be an error, based upon insuffiaently penetrating anal 
ysis, to speak of the optimal temperature shifting about dunng differ 
ent parts of the cycle, at least in this case The point in the matter, 
whii IS essential and appears to have been sometimes overlooked, is 
that biologically equivalent points in the growth ejele (and indeed 
in the life cycle generally) cannot be correctlv apprehended or deter 
mmed m terms solelj of absolute (chronological) Umc units, but re 
quire some sort of relative time scale Essentially the same point is 
involved m discussions of “physiological ’ -ersiis “chronological ’ age 

6 Celosta crtslalasixdhngs under the conditions of the expenments, 
are generaU> speaking relativclj more rapid growers in the first 
quarter of the cycle at all temperatures than Cucumts melo seedlings 
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riG 4 Increases m height of Celosxa hypocotyls during 24 hour penods For 
14 5°, however, 48 hour increments were used 

The points just discussed may be looked at m another way by 
examining the absolute growth increments m absolute (chronological) 
time in the several senes These are shown graphically m Fig 4 
As one exammes the graphs of the growth increments in turn, begin- 
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Ding With 14 5°, it IS seen that there is a tendency for the period of 
most active elongation to come progressively earher m chronological 
time umts as higher temperatures are examined until 40 5° is reached 
where there is a delaj , compared with 35° This statement is true m 
two senses (1) If one measures the time of occurrence of the peak of 
these graphs in terms of days after the time of planting, this relationship 
stands out clearly, and it is, m fact, the kind of relationship which 
would be expected on the basis of other work on the temperature 
relations of biological processes (2) If the graphs are examined one 
by one to find when the period of most active elongation fell in rela 
tion to the whole grow th period a similar kind of trend is encountered 
\t the lowest temperature the greatest growth rate came relatively 
late m the growth cj cle, at 20° it came a little before the middle pomt 
of the period m which measurable growth occurred, and each higher 
temperature had the effect of inducing a larger and larger proportion 
of the total growth to occur dunng the first few days of growth But 
in another way, there is a regular change m symmetry as one exanuncs 
the graphs in turn Both kinds of relationship have also been observed 
in Cucumis vielo seedimgs (14) 

Fig 3 shows nothmg different from, or additional to, what is brought 
out m prease numerical terms m Table II But inasmuch as the 
analysis of growth m terms of relative time given in Table II and the 
discussion following it is, so far as we are aware, novel, it has seemed 
to us advisable to insert Fig 4 m order to exhibit the results in a form 
accordant with the conventional procedure in work upon growth m 
seedlings 

Duralton of Ltjc 

In considering the durations of life of these seedhngs, which arc 
represented in Fig 2 as extensions of the sigmoid growth curves, the 
expenmental conditions need to be kept m mind Since the seedlings 
were grown under aseptic conditions throughout, death was due to 
failure of the plant to be able to get further food material from the 
cotyledons, and not because of microbial attack The onl> materials 
that were supphed to the plant dunng its lifetime were air, distilled 
water, and agar, and agar has been showoi b> earlier unpubhshed w ork 
not to be a source of food m suffiaent amount to be cither physicallj 
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or chemically detectable or measurable Smce the seedlings were 
kept in darkness (except for bnef exposure to red light during measure- 
ment) no chlorophyll developed and photosynthesis was impossible 
Thus the seedhngs were entirely dependent upon the food reserves 
laid down in the cotyledons and embryo, and smce the same weight of 
seeds of a uniform size was used for each culture the six lots of seedhngs 
began on an equal basis Their durations of life, however, were quite 
different, as Fig* 2 and Table III show, the seedlings grown at 14 5°, 
for instance, hved five times as long as those grown at 35°, and dis- 
regarding for a moment the 40 5° cultures, the duration of life was 
inversely proportional to the temperature Furthermore the data 


TABLE in 

Final Heights and Durations of Growth and of Life of Celosia cristata Seedhngs at 

Various Temperatures 


Temperature 



14 5' 

20' 

25' 

30' 

35' 

40 5' 

1933 

data 

1930 

data 

1933 

data 

1930 

data 

Final hypocotyl height, mm 

20 0 

28 3 

31 7 

27 7 

36 3 

34 7 

32 5 

12 7 


±0 5 

±0 9 

drO 6 

±1 3 

±0 6 

±0 9 

±0 7 


Duration of growth, days 

23 5 

19 5 

9 75 

8 75 

8 5 

6 75 

7 75 

7 75 

Duration of intermediate penod, days 

26 6 

13 5 

13 4 

15 7 

5 4 

5 

3 9 

5 7 

Duration of life (total), days 

50 1 

33 0 

23 15 

24 45 

13 9 

11 75 

11 65 

13 45 

No of seedlings 

14 

18 

19 

15 

20 

17 

19 

6 


show that the intermediate penod of the life cycle of these seedlings 
(penod from end of growth to beginning of death) is lengthened in 
temperatures below the growth optimum and shortened in temperatures 
above the growth optimum In other words the optimal temperature 
for duration of life in these expenments w^as the minimum temperature, 
wi thin the range of observations These observations are definitely 
and significantly confirmatory of the “rate of hvmg” (13) theory of life 
duration The rate of hvmg, as manifested by rate of growdh for 
example, is influenced by temperature, as inorganic chemical reactions 
are, and in consequence the time duration of life is altered in an orderly 
manner I^Tien the time rate of growth is more rapid not only is the 
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penod of growth shortened, bitt so also ts the duration of the intermediate 
period after groulli has ceased, and the total duration of life 
The inverse relation between growth rate and hfe duration de 
senbed in the preceding paragraph is shown quantitatively in Table 
IV and Fig 5 It is obvious that what we have called the “inter 
mediate” penod — that is the time from the end of grow th to the be 
ginning of death — is the cruaal element m total hfe duration, from 
the theoretical point of view Naturally if the growth penod is 
lengthened, with consequently lowered growth rate, as m the low 
temperatures, that fact will of itself tend to lengthen total duration of 
life, which IS the sum of growth penod + intermediate penod Con 


TABLE IV 

Retalivc Magnitudes at DiferetU Temperatures of Mean Total Growth Rate and the 
Duration of Various Portions of the Life Cycle iii Cehsia crislata Secdtings 


Tenreuture 

Relative b«rv«d 

growth (at« 


Retaun durauoo ' 
of gtowtb n*tiod 

ReUUvt tout 

1 Dgevity 

C 

ftretni 

ftfftnt 

^rr etni 

ptr ttnl 

14 5 

26 S 

198 S 

241 0 

216 4 

20 

45 2 

too 7 

200 0 

142 5 

25 

100 

100 

100 

1 100 

30 

133 0 

40 3 

87 2 

; 600 

35 

143 6 

37 3 

69 2 

50 8 

40 5 

60 T 

42 5 

79 5 

58 3 


sequently we shall deal separately with duration of intermediate 
penod and total longevity 

In Table IV the performance of the seedlings at 25° in respect of (a) 
mean total growth rate, (i) duration of intermediate penod, (c) 
duration of growth penod, and (d) total longevity, is taken as 100 
per cent for each vanable and the relative (percentage) values on this 
basis at each of the other temperatures tested are then set down 

It IS evident that both total duration of life and the duration of tlie 
crucially important intermediate period, exhibit an inacrsc relation 
to the rate of growth Trom 15° to 35° inclusiae, where the mean 
total grow th rate is increasing with nsing temperature, total longevat) 
and duration of the intermediate period decline ^t 40 5° where the 
total growth rate falls, the durations nse The nse at this high tem 
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perature is not, however, m either case anything hke proportional to 
the relative decline m the growth rate, and too much stress should not 
be laid upon it, particularly in view of the abnormal character of the 
growth and the dying at t^s temperature At 35° and temperatures 
below, the mverse proportionality between growth rate and duration 
of hfe IS more preasely and regularly mamtained By slowing the 
growth rate to roughly a quarter of its value at 25° the total duration 
of life IS about doubled 



Fig 5 Showing the inverse relation between mean total rate of growth and 
total duration of life, and duration of intermediate period of the life cvcie 

In 1916 Rahn (15) sought to extend the reasoning of Blackman (1) 
and of Jost (8) and to account for limitations of size and duration of 
hfe on a chemical basis He assumed (1) The quantit}’- of material 
capable of being transformed by a given quantity of enzyme is defi- 
nitely himted, and this limits the quantity of matenal which an or- 
ganism can metabolize dunng its lifetime (2) Each enzyme is the 
product of a cham of reactions, whose links may have different tern- 
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perature coefficients Thus according to the temperature at which 
an organism is grown it may have a large or a small quantity of en- 
zyme at Its disposal, and may have a large or a small final size, or a 
long or a short duration of life Rahn was careful to state that his 
speculation was “gans unbcivcisbar," and it does not seem to be partic- 
ularly helpful in the consideration of the present data 
A complete and prease quantitative analysis of the inverse relation 
ship between rate of growth and subsequent duration of life (and also 
total duration of life) in these seedlings would require more evtensive 
data, and far finer temperature divisions than the present eapenments 
furnish 


SUMMARY 

Daily measurements of hypocotyl length were made on Celesta 
cristala seedlings cultured in darkness under aseptic conditions at six 
constant temperatures between 14 5° and 40 S°C At 40 S° roots did 
not penetrate the agar and only the hypocotjls that were supported 
by the wall of the test tube could be measured 

The growth curves were of the generalized logistic tape, but of 
different degrees of skewness The degree of symmetrj of the growth 
curves was influenced by temperature At the lower temperatures 
the maximal growth rate came rclativcl> late in the grand penod of 
growth, at successively higher temperatures il came progressively 
earlier 

The mean total time rate of growth (millimeter per diem) was found 
to be a parabolic function of the temperature 

The maximum rate of growth was found from the curve to be at 
30 4S°C The maximum observed rate of grow th, and the maximum 
jacld, were found to be at dO^C 

\t ill temperatures above 14 0 ° the maximum growth activity fell 
in the second quarter of the whole grow Ih period At all temperatures 
tested other than 30’, and at all parts of the grow tli cv clc, the grow th 
jicld as measured bj height of hjqMcot}! at any given equivalent 
point was less than at 30° 

Ihc total duration of life of the seedlings, and the duration of life 
after the end of the grow th penod (mtcrmcdiato period) w ere inv crsci} 
proportional to the mean total growth rate The obscrvaitions on 
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Celosia cnstata seedlings are thus m accord with the ^‘rate of hving” 
theory of hfe duration 

The optimal temperature for life duration is the mmimum tempera- 
ture, within the range of these observations 
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BOroro WATER IN MUSCLE 


Bv J BROOKS 

(From the Food htvestigatiou Board of the Department of Scientific and Induetnal 
Research and Low Temperature Research Station Cambridge England) 

(Accepted for publication Januan 20 1934) 

Rubner (1922) has defined the bound water in a colloidal system as 
the water which does not freeze at — 20°C On this basis Rubner 
(1922) and Thoenes (1925) obtamed large values ranging from 0 8 
to 2 gm of bound water in muscle per gm of dry sohd The same 
definition has been applied by other investigators to vanous biological 
systems, it has, however, been cntiased by Bnggs (1931) and Heiss 
(1933) on the ground that in systems contaimng crystalloids, unfrozen 
free water (t c water acting as normal solvent) may be present at 
-20'“C 

It seems preferable to define bound water as water which does not 
act as solvent On this basis low values at 0°C were calculated from 
the vapour pressure isotherm of frog’s muscle (Brooks, 1933-3-1) 
At an activity of free water of 0 99-1 it was found that 0 3 gm of water 
was bound by 1 gm of dry sohd Hill (1930) had previously obtamed 
by another method a still lower figure, this may be due partly to the 
higher temperature emplojed, namely about 16°C These results, 
when compared with the degree of hydration of vanous proteins in 
solution, mdicate that the bound water m muscle is- mainly, if not 
wholly, accounted for by the water of hydration of the muscle proteins 
It would be expected that the degree of hydration would be influenced 
by the activity of free w ater and the temperature 

An attempt has been made to calculate the amount of free unfrozen 
water in muscle at different temperatures below the initial freezing- 
pomt from the vapour isotherm at 0°C The results mdicate that a 
significant amount of free unfrozen water is present at —20°C and 
that the system invanant point is considerably below this temperature 
The total amount of unfrozen water at —20°C gives therefore only a 
maximum figure for the bound water at that temperature 
783 
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large values obtained by Rubner and Thoenes can be attributed 
partly to this cause and partly, to an even greater extent in view of the 
later work of Heiss (1933) and A4oran (private communication) on the 
freezmg-pomt curve of muscle, to the considerable expenmental 
difficulties of measuring unfrozen water at low temperatures 
The difference between the calculated amount of free unfrozen water 
m muscle at a given temperature and the amount of total unfrozen 
water experimentally determmed by Heiss or Moran should give the 
bound water present The values so obtamed are of s imil ar magni- 
tude to those calculated from the vapour pressure isotherm at 0°C 

The Freezing-Point Curve of Muscle 

In a “frozen”muscle m eqmhbnum at a temperature T' the activity 
of free water, a', is equal to the activity of ice at that temperature and 
IS given by the equation (Lewis and Randall, 1923) 

log a' = -0 004211 - 0 0000022 / (1) 

where v = 273 —T' 

The amount of free water present m frog’s muscle in rigor at 0°C 
and at different activities of water has been calculated from the vapour 
pressure isotherm The reference state of the muscle is taken as the 
water content at 0°C {T") and an activity of free water (oq) of 
0 994 At this activity and temperature it was found that 100 gm of 
muscle contamed 19 9 gm of dry sohd, 74 3 gm of free water, and 5 8 
gm of boimd water Let the weight of free water per 19 9 gm of dry 
sohd at the same temperature T" and another activity of watei be 
m gm Then if the activity of free water in a muscle is independent 
of the temperature the decrease of temperature v required to freeze out 
(74 3 —ni) gm of free water from 100 gm of muscle m the reference 
state IS given by substitutmg af for a ' m (1) 

It cannot be assumed, however, that the activity of water in a 
muscle IS mdependent of temperature The relation between tem- 
perature and activity is given by the equation 

dlaa ^ 2 ) 

dT ~ EJ* 

vhere L\ is the relative partial molal heat content of water in the 
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muscle For most solutions Zi is negligible unless the solution is con 
centrated or has an exceptionally large heat of dilution It would be 
expected therefore for high values of o' that the activity of water m 
a muscle would not alter greatly with temperature 
lewis and Randall (1923) taLe Zi as a Imear function of temperature’ 
and integrating (2) at constant composition obtain the follomng 
equation for the change m activity of water with temperature 

Jog o , - log a , « X (3) 

where 


- 2o(r 1 


T’-T" 

23D3}tr’T 


+ (C„, - c, 




T’-r _ 1 
2J03RT’T' i 




(4) 


and Cpi and C°pi are partial molal heat capacities of w ater 
The substitution of (3) in (1) gives the following equation, 


logo 1 +00(M2nir + 00000022t» ■= I (- 1 ) 


where x is given by (4) If therefore at one temperature, T', the 
free water content and the partial molal beat terms for uater m 
muscle at different activities of water, af, are fmoivn the required 
values of v (where v = 273 —T') can be obtained from (5) 

The partial molal heat terms for water m muscle are unknown, but 
when the crystalloid constituents of muscle are considered,’ it is 
reasonable to assume that they do not differ greatly from the heat 
terms for water in a solution of a um univalent electrolyte, c g sodium 
or potassium chlonde, of equivalent concentration The concentra 
tions of solutions of sodium chlonde uath activities of natcr at 0°C 
correspondmg to the activities used (dorni to of = 0 798) in the 
determination of the vapour pressure isotherm have ahead} been 
calculated (Brooks, 1933-34) These aalues are gi\cn m Table I, 
together with the mean amounts of free and bound nater in frog’s 
muscle at 0'’C and at different activities of vatcr Ihc calculated 


' This nssumpUon according to Young (19t3) is not stnctli correct It Is 
sufBaentls accurate for the present puiriose howeter 
’ The protems m musde nould noi be capeclcd lo influence Zj unless the total 
water content of the muscle was tower than approumatclj OJ gm of water per 
gm of protein (d" Rosenbohm 1914 Moran 1932) 
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values of free water at a" = 0 85 and 0 80 are less accurate than 
those at the higher activities but are probably of the correct order 

The partial molal heat terms for water at 0°C in the solutions of 
sodium chloride given in Table I were obtained from the data of 
Randall and Bisson (Lewis and Randall, 1923) at 25°C These values, 
together with the corresponding values of a", were substituted in (5), 
givmg V (or 273 —T') The first column of Table II contains the 
molality of sodium chlonde and the second column the corresponding 
value of V from (5) 

It will be seen that this particular use of (5) gives simply the freez- 
ing-point of the solutions of sodium chloride in the first column For 
comparison therefore the third column contams the experimental 


TABLE I 

Dry Weight of Muscle — 19 9 Gm 


a ' 

Molality of sodium 
chloride 

Equilibrium weight 
of muscle 

Free u-atcr 

Bound u-atcr 



Qm 

Qtn 

ffm 

0 9936 

0 1969 

100 

74 3 

5 8 

0 9552 

1 381 

36 3 

10 6 

5 8 

0 8904 

3 138 

30 5 

4 7 

5 9 

0 8502 

4 098 

28 0 

3 5 

4 6 

0 7984 

5 215 

26 8 

2 8 

4 1 


values of the freezing-points interpolated from those given m the 
International Critical Tables = The fourth column gives values of v 
obtained on the assumption that Li is zero, t c , hy the direct substi- 
tution of of m (1) As would be expected this assumption does not 
lead to a large error in the calculated freezing-point except at low 
activities of water 

The fourth column of Table I and the second (or third) column of 
Table II give the amounts of free unfrozen vater remaining in 100 gm 
of "frozen” frog’s muscle (initially m the reference state) m equilib- 
rium at V degrees below 0°C These values are given below 

® International Critical Tables, Ncn York, McGrai\-IIill Book Co, Incx, 
1928, 4, 258 
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« 0 67* 4 7 n 6 16 0 21 9 

Fr« water gm 74 3 10 6 4 7 3 S 2 8 

* —0 67°C IS the alerted value for the initial fieeaing point of frog s muscle 
in ngor, the freeiang pomt of hvmg frog a muscle is -0 42°C HiU (1930) giies 
the osmotic eqmvalent of frog’s musde m ngor as 0 2 molal sodium chlonde this 
solution has a freezing pomt of —0 68’C 

If the total unfrozen water at —21 9°C is considered as bound and 
expressed as gm of bound water per gm of dry solid tt will be seen 
that the vafue so obtained is approximately 2 S/199 = 0 14 gm too 
high 

The proportion of free unfrozen water m beef muscle (in ngor) at 
a given temperature will be greater than m frog’s muscle as the initial 


TABLE n 


Molality of sodium ' 

colonde i 

(fnnn (S)( 

(ecperffflntal) 

(h - w 

0 1969 

0 674 

0 674 

miiiiBiii 

1 381 

4 68 

4 70 


3 138 

n 56 

11 4 


4 098 

16 0 

15 5 


S 215 

21 9 

21 2 



freezing pomt IS lower ( — 1°C instead of —0 ) Assuming that 

the water binding capaaty of the proteins in beef muscle at O'C is 
the same as in frog’s muscle at O^C and making allowance for the 
differences in mitial freezing point and total w ater content (77 instead 
of 80 per cent) the amounts of free unfrozen water m 100 gm of 
“frozen” beef muscle have been calculated, these arc given below 

V I 0 4 7 n 6 16 0 21 9 

Free water gm 70 3 15 1 66 51 40 

The total amount of unfrozen water in beef muscle (total initial 
water content 77 per cent) at different temperatures has been detcr- 
nuned by Heiss (193 p) Values interpolated from his results are 
gi\ cn in the second column of Table HI The fourth column is the 
difference between total (experimental) and free ivater (calculated) at 
each temperature and gives the amount of bound water at that 
temperature 
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It Will be seen that the values for bound water are of the same 
order as those for frog’s muscle at 0°C It is not believed that any 
quantitative conclusion can be drawn from the values in the last 
column regarding the effect of decrease in temperature and activity of 
water on the degree of hydration of the muscle proteins They show, 
however, that the results from the vapour pressure isotherm and 
from the freezmg-pomt curve are both in agreement with a low 
value for the amount of bound water m muscle A similar conclusion 
is reached when the results of Moran (private communication) for the 
freezing-point curves of both frog and beef muscle are compared with 
the calculated values of v It should be pointed out that even if the 
total amount of unfrozen water at — 20°C (determined by Heiss) is 

TABLE m 


Weight of muscle = 100 gm 
Dry weight of muscle = 23 gm 


Temperature 

Total water 

Free water 

Bound water 

•c 

1 

gm 

gm 

gm 

-1 

77 0 

70 3 

6 7 

-4 7 

19 5 

15 1 

4 4 

-11 6 

11 4 

6 6 

4 8 

-16 0 

9 2 

5 1 

4 1 

-21 9 

7 8 

4 0 

3 8 


considered as bound the value is considerably smaller than those 
given by Rubner or Thoenes 


The System Invariant Point 

The temperature at which all the free water in frog’s muscle is frozen 
out can only be estimated very roughly From the vapour pressure 
isotherm it can be seen that the equilibrium weight of a muscle is 
practically constant below a" = 0 5 (down to c" = 0 1) It can be 
concluded therefore that only a negligible amount of free water is 
present over this range, i e the drymg-up point of the muscle at O^C , 
as regards free water, occurs m the region of 5" =05 Substitution 
of c" = 0 5 m (1) gives the system mvanant point as — 69°C This 
temperature is too low’ as £i is not negligible at this activity of water 
The msolubility of sodium chloride below c" = 0 798 at 0°C does not 










J BROOXS 


789 


allow the calculation of v from (5) lor the case of a' =0 5, but a rough 
idea of the effect of the heat terms can be obtained by extrapolation 
If values of (log a' — log n()/log a', obtained from (3) for solu 
tions of sodium chlondc down to a' = 0 798, arc plotted against log 
a, an approximately straight line is obtamed rrom this graph the 
hypothetical value of a,, when a’ = 0 5, is 0 553, this figure sub 
stituted in (1) gives e = 59 As the diying up point at 0°C is not 
known at all accurately it can only be stated that the system invanant 
point as regards free water probably hes below — 40°C and above 
— 60°C It IS interesting that Heiss (3933) obtamed a value of —62° 
to — tor the system invanant pomt from the temperature time 
coohng curve of beef muscle The probable effect of such a low 
temperature and activity of water on the water of hydration of the 
proteins is unknown, but the presence of bound water in frog s muscle 
(at O’C) at values of o' weU below 0 5 suggests that even lower 
temperatures would be required to frecre completel} this ivater of 
hydration 


SCrUMAltV 

1 The amount of free unfrozen water, » e water acting as normal 
solvent, in frog’s muscle at temperatures below the initial freezmg 
pomt has been calculated from the vapour pressure isotherm of the 
muscle 

2 Significant amounts of free water are present at — 20°C The 
total amount of unfrozen water at —20°C cannot, therefore, be taken 
as a measure of the bound water in muscle 

3 The calculated values of free water, when compared with expen 
mentally determined values of total unfrozen water, indicate that the 
amount of bound ivater in muscle at various temperatures is small 

4 A temperature considerably below -20'’C , roughly bctiieen 
—40° and -60°C , is required to freeze completely the free water m 
muscle 
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THE INFLUENCE OF MINIMAL NARCOTIC DOSES ON THE 
RESPIRATION OF ERYTHROCYTES 

By WALTER FLEISCBJIANN AMD CHARLES S RAND 
{From the Flt^stoiogtcal Itietitute of the Uw*’erstty of Vienna, Vienna, Austria) 
(Accepted for publication, Februatj 13, 1P34) 

The investigations of Warburg in 1921 on the action of narcotics on 
cell respiration led to the formulation of his general theory of narcosis, 
according to which the action of a narcotic is attributed to its speafic 
abihty to occupy the vital surfaces of the cell structures, thereby dis 
placing the adsorbed nutntive substances and important ondativc 
enzymes (1) The occasional observations of some investigators, de- 
scribing a stimulatmg action of narcotics on the metabolic functions 
of the cell, seem hardly compatible with Warburg’s theory, for, “ad 
sorption displacement,” as Warburg calls the phenomenon, might 
bring about a depression, but not a stimulation of cellular metabolism 
In his experiments on the respiration of the isolated spinal cord of 
the frog under the mfluencc of ethyl alcohol, Winterstcin (2) describes 
a senes of cases in which Ion concentrations of this narcotic produced 
acceleration, higher concentrations, on the other hand, produced met- 
abolic depression Similar results were obtamed by Garrey (3) in 
his expenments on the stimulating effect of ethyl alcohol on the CO, 
production of the heart gangha of Ltmultis polyphemus Warburg, 
who made similar mvestigations on liver cells, avian erythrocytes, and 
the central ner\ ous system, could find no such acceleration Narcotic 
concentrations lower than those which caused metabolic depression 
were without effect In explanation of this discrepancy between his 
results and those of other investigators, Warburg suggested (9) that 
metabolie acceleration would result upon admimstcnng a narcotic to 
starving cells The narcotic would then play the role of a nutritive 
substance and as such might be replaced by glucose or peptone with 
the same stimulating effect Of course, in the case of cells such as sea 
urchin eggs, where hpoid soluble substances serve as a stimulus t^ 
further development, as was first demonstrated by Jacques Locb, 
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increase' in the metabohsm of the organism was expected and actually- 
found by him to be the case 

In view of these divergent observations it appeared of special inter- 
est to mvestigate systematically and with modem methods the mflu- 
ence of low concentrations of narcotics on cellular respiration, and to 
hmit ourselves to two narcotics ethyl alcohol, which can be oxidized 
and utilized by the cell for nutntive purposes, and ethyl urethan, 
which is hardly oxidized and certamly not useful as a cellular nutrient 
Convement cells for such investigations were mammalian erythrocytes 
It seemed further expedient to extend our mvestigations to starving 
erythrocytes as well as to blood cells well supphed with nutritive ma- 
terial 


Method 

Human blood was obtamed by puncture of the cubital vein, rabbit blood from 
the auncular vein, horse blood directly from the jugular vein at the slaughter 
house Sodium citrate was used to prevent clotting For the expenments on 
starving blood cells the atrate blood was centrifuged, the supernatant plasma re- 
moved, the eridhrocytes suspended in the fivefold volume of physiological saline 
solution, well stirred, centrifuged, and the supernatant fluid agam removed This 
process was repeated five times to assure complete removal of all the diffusible 
nutnents 

In the evpenments on nounshed erj’-throcytes the atrate blood was centrifuged 
but once and the supernatant atrate plasma removed The sedimented cells 
were thus still saturated vath nutntive matenal 

5 cc of the thick eri throcyte suspension were then pipetted into small respira- 
tion vessels of the tj^ie descnbed by Warburg (4), and 5 cc of the narcotic to be 
examined, dissolved in phv siological sahne solution, added A vessel containing 
the er) throcv te suspension plus phv'siological sahne solution, and one vvath the dis- 
soh'^ed narcotic alone, served as controls The vessels, attached to their manom- 
eters, vere placed in a constant temperature water bath at 37°C Air served as 
the gas medium The e-qienments lasted no longer than 2 hours to avoid possible 
interferences due to bacterial growth 

EXPERIMENTAL 

In our search for a concentration of alcohol which would stimulate 
respiration in erj'throcytes it v^as necessary to start off with inhibiting 
concentrations Thus, we found that 4 per cent alcohol caused a de- 
pression m O 2 consumption of about 35 per cent As the Concentra- 
tion of alcohol was graduall}- lowered this depression became smaller. 
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finally changmg into an indifferent behavior ■when a concentration of 
0 5 per cent was reached Upon lowering the concentration still fur- 


TABIE I 




CoscntmtloB 
o! *]c«bol 

Avtnge Oi couiunpUon 
ia2brt. 

iDcrtaM or 
dccrcftselo 0| 
coasumptlob 

\\ ithout klcobol 

With alcohol 



mI fereent 

ejnn 

c mm 

frr cfni 

Rabbit 


4 0 

26 9 

17 3 

-35 7 



2 0 

26 9 

22 9 

-14 9 

< 


1 5 

40 1 

36 3 

-9 5 



0 5 

40 1 

40 5 

+0 1 


2 

0 3 

16 8 

18 2 

+8 3 

< 

8 

0 25 

32 5 

39 S 

+21 S 

If 

3 

0 IIS 

22 7 

30 5 

+34 3 

It 

12 

0 10 

31 3 

45 2 

+« 5 

Huroas 

1 

0 5 

44 4 

40 2 

-9 4 

‘ 

2 

0 25 

44 4 

57 2 

+29 0 

( 


0 10 

32 4 

46 8 

+44 4 

Horse 


0 25 

81 5 

127 5 

+56 4 



0 10 

82 4 

106 8 

+30 0 


TABLE n 


1 

Ulood 1 

1 

1 

No of 

experUnents ' 

Cooccatratioo 

oforcthsom 

Avaite 0> coDSunptloti 
la 2) hr5 

rneTta«e or 
decteaM IrtO 
couumptloh 

Without 

uretlua 

with unthan 



ftr ctttt 

c mM. 

cjnm 

ftf ctni 

Human 


3 0 1 

89 9 


-41 2 

‘ 


0 02 

07 9 


+0 0 



0 015 

127 2 1 

118 1 

-7 1 

< 


0 005 


94 9 

i -9 9 

Rabbit 


0 25 

28 1 

27 4 

-2 S 



0 125 

27 8 


1 -2 9 

‘ 


0 10 

28 0 


-10 7 



0 04 

84 4 

77 9 




0 025 

, 84 4 



• 

3 

0 015 

39 3 

40 £ 



1 


26 5 

24 6 





ther we observed a definite increase in Oi consumption m the 
between 0 1 per cent and 0 3 per cent alcohol To make a 
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this observation vias not based on mere chance some tventy-five ex- 
periments v.ere made vithm this range, both on nounshed and starx^- 
ing rabbit erythroc3de5 All the results indicated a deaded respira- 
tory stunulation, also m the cases of human and horse blood cells In 
all three mstances starving f-n ashed) erythrocytes reacted the same as 
noimshed blood cells, so that no differentiation of these tvo categones 
is made in Table I 

In the instance of ethyl urethan, however, v,e could find no corrob- 
oration of the results obtained xxith ethyl alcohol, either xxith starv- 
ing or VrTth v.ell nourished cells The values given in Table II fluc- 
tuate aroimd the zero mark, indicating an indifference on the part of 
the erythrocytes towards this narcotic The general trend, however, 
pomts to a shght inhibitory effect The few' positive results shown in 
the table fall wathm the himts of error of the manometnc method and 
are therefore hardly of any significance Occasional controls made 
v/ith the Barcroft-Warburg differential manometer (4) confirmed the 
results given m Tables I and II 

DISCUSSION 

Our expenments indicate that lovr concentrations of an easily oxi- 
dizable narcotic such as ethyl alcohol increase the O 2 consumption of 
starving as x’.ell as nounshed erythrocytes, w'hereas subinhibitory doses 
of ethyl urethan remam wnthout effect very likely because this nar- 
cotic cannot be utilized by the cell The fact that even v ell nounshed 
erythrocytes respond tov/ards low concentrations of alcohol with an 
increased O 2 consumption can be explained by the observations of 
Dung and coworkers (5), who showed that upon simultaneous supply 
of alcohol and carbohydrate in the human body the narcotic is given 
preference over the carbohydrate and is oxidized first This also 
seems plausible for the cell, espeaally since ethyl alcohol readily pene- 
trates the cell wall of the eiy'throcyte, and as Fleischmann and Tre- 
vam (6) showed, is then oxidatively decomposed into acetaldehyde 
WTiile Dung could find no general increase m oxidation m the human 
organism upon alcohol consumption, recent investigations by Bickel 
and Kanai (7) show that small quantities of this narcotic stimulate, 
large quantities on the other hand inhibit oxidative processes in the 
intermediaiy metabolism of the rabbit Similar results vere recenth 
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obtained by Robertson and Stewart (8), wrho demonstrated* an in 
creased Oj consumption in bram sections of alcoholized rabbits 
Higher concentrations of either ocidizable or non-ocidizable nar 
cotics bnng about respiratory inhibition in cells by more completelj 
displaang from the surfaces of the cell structures not only the ad- 
sorbed nutnents, but also the oxidases, so that m the instance of 
alcohol, this narcotic cannot be burned Our results can also be fitted 
into Warburg’s "adsorption displacement” theory of narcosis by as 
suromg that low narcotic concentrations do not sufliciently displace 
the adsorbed nutnents and enzymes, thus makmg an easily oxidizable 
narcotic readily accessible to the cell, whereas non-oxidizable narcotics 
remain indifferent 


SUMMARY 

Low concentrations of ethyl alcohol stimulate the respiration of 
mammalian erythrocytes ttt mira 

Low concentrations of ethyl urethan remain without effect on, or 
tend slightly tow ards depressing the respiration of mammahan erythro 
cytes tn ntro 

It IS suggested that this may be due to the oxidizable nature of alto 
hoi, and the non-oxidizable nature of urclban, properties which come 
into evidence only when these narcotics are present in such low con 
centrations that the threshold of inhibition (narcosis) has not been 
reached 
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THE ULTRAVIOLET ABSORPTION SPECTRUM OF 
PEPSIN 

Woke be FREDERICK. L GATES* 

(Frotit the Laboratory of General Physiology, Banard University, Cambridge) 
(Accepted for publication February 19, 1934) 

I 

In connection with measurements of the macti\ation (destruction) 
of dissolved crystalline pepsm by ultraviolet light, determmations 
were made of the absorption spectrum of preparations of pure crystal 
hne pepsin From these data, the molecular ettmction coeffinent 
curve may he deduced The pepsm used was prepared by Dr John 
H Northrop, through his Jondness sufficient amounts of several 
preparations were made available (</ Northrop, 1929-30a, J) 

The crystalline pepsin m known dilutions m a suitable buffer sol- 
vent was put mto 2 cm glass photometer tubes or mto adjustable 
micro Baly tubes with quartz end plates Corrcspondmg control 
tubes were filled with the same dilution of the solvent solution The 
tubes were placed in the paths of twin beams of light in a quartz 
sector photometer The light source was a tungsten steel spark, 3 
mm gap, heated with a gas flame, and operated at 6600 volts from a 
transformer takmg 17 amperes at 110 \olts on the primary wmdmg 

The transmission spectra were recorded on panchromatic pho 
tographic plates, usmg a large quartz spectrograph (Judd Lewis, 1919, 
1922, cf Gates, 1930-31) The ratio of intensities madent on the two 
tubes was vaned by means of the photometer sector vanes, over a 
wide range of mtensiDes When the length of liquid traversed bj the 
hght IS kept constant the evtmction coeffiaent is calculated from 
Beer’s law The loganthm of the ratio (I/I,) is equal to log 1 - 
log D, log D IS obtained from the scale readmgs on the vanes of the 

• This paper is one of several in which results of work completed bj Dr Fred 
enck L Gates before his death June 17, 1933 arc reported The manusenpts 
have been prepared b> Professor W J CroaierandDr R II Osier 
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ULTRAVIOLET ABSORPTION SPECTRUM OP PEPSIN 


photometer The molecular extmction coefficients were calculated 
for the pomts at which bands of equal density appeared on the spec- 
trograms and then plotted against the correspondmg wave-lengths to 
give the absorption curve 


n 

Tests were made on a preparation of carefully purified pepsm re- 
ceived from Dr Northrop m 75 per cent glycerme, contaming 1 80 
mg of protein nitrogen per ml , and on samples dissolved in m/100 
HCl to make up dilutions of 1/10, 1/50, 1/100 By the qumhydrone 
electrode the 1 m 50 dilution showed a pH of 2 54, for the other dilu- 
tions this was not determmed For these solutions correspondmg 
dilutions of m/IOO HCl containing glycerine m the same proportion 
were used m the control tubes From the spectrograms obtamed with 
these samples between wave-lengths 2166 and 3130 A u , and from 
the calculated values of the molecular extmction coefficients, the ab- 
sorption curve for pure pepsm was plotted (Fig 1) On the basis of 
a molecular weight of 36,000 (Northrop, 1929-30 &, p 771), and the 
percentage of protem nitrogen of 15 15 (Northrop, 1929-30 a, p 747), 
the molecular extinction coefficient is calculated from the expression 

Log Z? 

d Jf dilution 

where d is the thickness of solution and Af is the molarity, in this case 
0 00033 M, M X dilution is of course identical with C m the formula 
as usually written 


III 

Slightly different values were obtamed at high dilutions (1/125, 
1 /400) m some cases and with less highly purified preparations, but 
these irregularities were probably due either to pH differences or to 
imcertamty m regard to the concentration of the enzyme In all 
preparations the location of the maxima and minima on the absorption 
curve comcided 

Other tests shoved that even slight differences m the pH had a 
decided effect on the absorption of ultra%nolet energy as indicated by 
the rate of inactivation of the enzyme Northrop (1933-34) has shov n 



Molccalao extinction coefficient 



Wave-iengths irx ^ 


tio 1 The absorption curve o{ carcfuUj punfjcd cr>siaUmc pcpsm (1 80 mg 
of protein nitrogen per ml ) in 75 per cent gl>cennc dissolved m ii/lOO HCl to 
give the following dilutions Clear circles and solid circles represent points ob 
tamed with two solutions of pepsin diluted 1 in 50, pH 2 5-1, and tested in 2 cm 
photometer tubes small dots undiluted pcpsm solution tested m 1 cm tubes, 
crosses, diluted to 1 m 50, pH 2 54 and tested in 4 cm tubes, triangles diluted to 
1 m 10 and tested in 2 otl tubes, si^uarcs diluted to I m 100 and tested in 2 cm 
tubes The range of mtcnsities on the photometer sector scales was spaced at 

mterv’alsofloguiD - 0 1, between 0 I anal 6, to cover the complete range plotted 
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photometer The molecular extmction coefficients were calculated 
for the pomts at which bands of equal density appeared on the spec- 
trograms and then plotted agamst the correspondmg wave-lengths to 
give the absorption curve 


n 

Tests were made on a preparation of carefully purified pepsm re- 
ceived from Dr Northrop m 75 per cent glycerme, containing 1 80 
mg of protein nitrogen per ml , and on samples dissolved in m/100 
HCl to make up dilutions of 1/10, 1/50, 1/100 By the qumhydrone 
electrode the 1 in 50 dilution showed a pH of 2 54, for the other dilu- 
tions this was not determmed For these solutions correspondmg 
dilutions of m/ 100 HCl containmg glycerme m the same proportion 
V ere used in the control tubes From the spectrograms obtained with 
these samples between wave-lengths 2166 and 3130 A u , and from 
the calculated values of the molecular extmction coefficients, the ab- 
sorption curve for pure pepsm was plotted (Fig 1) On the basis of 
a molecular weight of 36,000 (Northrop, 1929-30 &, p 771), and the 
percentage of protem nitrogen of 15 15 (Northrop, 1929-30 a, p 747), 
the molecular extmction coefficient is calculated from the expression 

_ Log D 
d M dilution 

where d is the thickness of solution and M is the molarity, m this case 
0 00033 M, If X dilution is of course identical with C in the formula 
as usually written 


m 

Slightly different values were obtained at high dilutions (1/125, 
1 /400) in some cases and with less highly purified preparations, but 
these irregulanties were probably due either to pH differences or to 
uncertainty m regard to the concentration of the enzyme In all 
preparations the location of the maxima and minima on the absorption 
curve coincided 

Other tests showed that even slight differences m the pH had a 
decided effect on the absorption of ultraviolet energy as indicated by 
the rate of inactivation of the enzyme Northrop (1933-34) has shov n 



Molecaldp extinction coefficient 



Wave-lengths in fl. 


Fig 1 The absorpUon curve of carcfullv punfied co-slaliine pepsin (I 80 mg 
of protein nitrogen per ml ) m 75 per cent gl>ccrme dissoi\ed m m/ 100 flCI to 
give the foUomng dflutions Clear circles and solid arclcs represent points ob 
tamed mth two solutions of pepsin diluted I m 50 pH 2 54 and tested m 2 cm 
photometer tubes small dots undiluted pepsm solution tested in I cm. tubes, 
crosses diluted to 1 m 50, pH 2 54 and tested in 4 cm tubes triangles, diluted to 
1 in 10 and tested m 2 cm tubes, squares diluted to 1 m 100 and tested in 2 cm 
tubes The range of intensities on ihc photometer sector scales nas spaced at 
inlcr\’als of logi# - 0 1 between 0 1 ano 1 6 to cowr the complete range plotted 
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ULTRAVIOLET ABSORPTION SPECTRUM OF PEPSIN 


that the rate of inactivation depends on tlie pH of the solution, and 
this has also been indicated by CoUier and Wastenej^ (1932) and by 
Pincussen and Uehara (1928) 


IV 

As shown in Fig 1 the absorption approaches a maximum in the 
region below 2400 A u , a lower peak of absorption occurs at 2750- 
2800 A u , minimum absorption is near 2500 A u and m the region of 
wave-lengths longer than 3000 A u 

Kubowitz and Haas (1933) determmed the absorption curve of 
urease m the ultraviolet, and measured the decrease m activity of a 
solution of jack-bean urease (Sumner, 1926) when irradiated with 
ultraviolet hght of measured mtensities at wave-lengths between 196 
mix and 366 mjx They computed from these data the relative ab- 
sorption spectrum of urease Smce the molecular weight of urease 
was not known, close comparison of their curve with that found for 
pepsin is not possible However, the locations of maximum and mini- 
mum of absorption seem to agree rather closely This is in accordance 
^vlth the similarities imphed m the protem character of the two en- 
zjnnes, and m the agreement of their crystalhne forms, as pomted 
out by Northrop (192 9-30 a) 

The shght but definite changes in the slope of the curves (humps) 
at 2560-2650 A u , at 2930 A u , and at 3000 A u may be significant 
as mdicatmg a difference between the absorption spectrum of pepsin 
and that of such a substance as tjTOsme These humps may also 
indicate certam fine characteristics m the absorption of ultraviolet 
energj’’ associated ^vlth enzjone activity, of the type found by Lavm, 
Northrop, and Taylor (1933) m the absorption spectrum of pepsin 
at low temperatures 


SUMMARY 

The ultraviolet absorption spectrum of Northrop’s pure crystalline 
pepsm has been determmed The curve of calculated molecular ex- 
tmction coefiflcients is given There is noted a general resemblance 
of the absorption curv^e for pepsin to that for urease and tyrosine, the 
absorption band is maximum at 2750-2800 A u , minimum near 2500 
A shght hump on either side of the peak of the extinction curve may be 
sigmficant 
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STIMULATION OF TUNDULUS BY HYDROCHLORIC AND 
FATTY ACIDS IN FRESH WATER, AND BY FATTY 
ACIDS, MINERAL ACIDS, AND THE SODIUM 
SALTS OF MINERAL ACIDS IN SEA WATER 

Bv J B ALUSOV AND WILLI/VM H, COLE 
{From the Department oj Physwhgy and Biochemtstry Rutgers Uuircrsity, 
Near Brunsvnck) 

(Accepted for publication, February 20 1934) 

TtmtoTmcnoFt 

Stimulation of aquatic mimals by substances dissolved in the 
medium will be interpretable when the rOles played both by the en 
vironment and by the receptive mechanism are understood Stimu 
latmg forces ongmatmg in the environment are effective only when 
the receptive mechanism is so adjusted that an interaction beta eon 
environment and receptors is possible In any one animal the nngc 
of receptive processes is strictly limited md it is impossible to change 
It significantly bv experimental procedure without causmg ''abnormal" 
reception Similarly any marked change in the environment is 
equally disastrous to normal reception in the majority of animals 
Hon ever, there are a few animals which can live equallj well in quite 
different media Of these the kilbfish rundulus helerochliis is a good 
example, smee it can live in fresh, brackish, or salt water wnthout show 
ing abnormal behavior If stimulation by the same substance in dif 
ferent media should result in different responses a correlation between 
the speafic environments and the receptive mechanism would be indi 
cated, but if no difference in response appeared, it would bo suggcstnc 
of an mdependence of reception upon the change of general cnvaroii- 
ment This animal has therefore been used to test the stimulating 
effectiveness of certain acids and salts m fresh and salt water IIj 
drochlonc and five normal aliphatic aads (acetic, propionic, butync, 
valeric, and caproic) were tested in fresh water, wlulc the same acids 
S03 
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STIMULATION OF FUNDULUS B\ ACIDS 


plus suKunc and nitnc, as well as the sodium salts of the mmeral acids, 
were tested m salt water ^ 

The e^enmental procedure in all cases was the same as that descnbed for the 
sunfish (Alhson, 1931—32), except that tap w'ater was used instead of spring water 
for the fresh water tests, and that the rate of flow’ for the salt water tests was 
250 cc instead of 100 cc per minute 

UTien fresh or salt water flows over Fttnduhis- under constant experimental 
conditions the rate of mouth movements and opercular movements remains fairl}’ 
constant Occasionally there may be movements of the fins or body and vana- 
tions in the respiratory movements, but such behavior only temporarily interferes 
with the tests WTien an aad solution replaces fresh or salt water the fish responds 
b} closure of the mouth and opercula When inorganic salts are used, the response 
IS more often a gapmg of the mouth or gulpmg, follow ed by closure The response 
IS usualJj very definite and easily recognized The time between turning on the 
solution and the response is measured and designated the reaction time Dunng 
the mght and other penods when not being used, the fish are returned to their 
individual aquana where feeding occurs The animals may be used repeatedly 
for several weeks (8 to 12) and contmue to give the same reaction times (±5 per 
cent) for the same solutions 

The reaction time is a measure of the response to stimulation For the acids 
It IS correlated with the concentration of the hydrogen lon^ and for the salts ivith 
the normal concentration In the case of the fatty acids another factor appears 
to pla}’ a role m stimulation, namely, the field of force around the non-polar group 
in the molecule This factor mcreases as the number of CHj groups increases, 


^ The experiments with salt water w'ere done at the Mt Desert Island Biological 
Laboratorj dunng the summers of 1932 and 1933 Preliminary reports of the 
results were pubhshed in the Bid/ Mt Desert Island Biol Lab , 1933, 27, 1934, 33 
* In any group of Ftmdulus there are always some individuals which cannot be 
used for this ti-pe of experiment, because they move about mcessantl> Ihe 
majontj, however, quickly become acclimated to the expenmental dish and 
remain quiet for hours unless stimulated 

® The pH of the solutions both in fresh and salt water was measured by the 
quinh\ drone electrode and calculated from the equation 

-£-h 04529 + 000002^ 

0 00019832r 

Check determmations bj the h\drogen electrode showed variations from the 
qumhv drone values which were no larger than the errors of measurement H> dro 
gen ion concentrations were then calculated from Sjlrensen's equation 

pH = logxr 

Uh 



J B ALLISON AND ^MLLIAM H COLE 


805 


and may be indirectly measured by the hydrogen ion concentration The inten 
sity of stimulation by each aad, as measured by the reaction Ume, appears to be 
some function of the activatj of the hydrogen ion There arc several way's of 
conelaUng these two variables, but the\ are not all equally suggestive of an inter 
pretation In choosing a method of representation there are certain pomts to be 
noted First, the reaction tune must be corrected to give a value nhich is clearh 
related to the stunulus As measured by the stop watch the reaction time includes 
a certain minimum time required by (1) the passage of the afferent nervous im 
pulse to the central nervous sv stem, (2) intemunaal coordination, (3) the passage 
of the efferent impulse to the effectors and (4) the processes of muscular contrac 
tion which close the mouth and opercula As long as the intensity and frequency 
of stimulation are low enough to avoid all secondary effects, such as adaptation 
narcosis toxiatyf and the like, that time is constant It should therefore be sub- 
tracted from that observed reaction time, smee it is not correlated mth the slimu 
lus Furthermore a certam time is lost before the solution comes into contact 
with the receptors, and its magnitude depends upon the rale of flow of solution 
over the fish and upon the volume of the container This should also be sub- 
tracted from the reaction time For the eipenments m fresh nater with a flow of 
100 cc per minute the combined correction factor was 4 seconds as determined 
by the raaamum rate of reaction at different rates of ilon Tor the salt irater 
tests with flows of 250 cc. per minute only 2 seconds were needed to correct the 
observed reaction time Secondly, it is desirable to use rate of reaction instead of 
reaction tune in seconds since rate, consideied as a function of some variable, is 
easier to interpret than measured time Finally the data arc so expressed that 
when one variable is plotted agamst the other a linear relationship appears 

Expenmettis tn Vresh Water 

Using Fundulus in fresh water, hydrochlonc, acetic, propionic, 
butync, valenc, and caproic acids were tested at several concentra 
tions each As with the catfish Schtiheodcs (Cole and Alhson, 1931— 
32), a single Fundulus gives as reliable results as several individuals 
averaged together, and makes unnecessary the correction for indi- 
vidual variations in thresholds Tabic I summarizes all the data 
secured from a single fish In Fig I the loganthm of rate of reaction 
IS plotted against loganthm of (H+), and the Imes are drawm from the 
followmg equation* which relates rate of reaction with (H+) 

log _i22 0665 II - + « >1 log (CH^) X 10*) -b 056 (I) 

^ RT - 4 


*The equation i\as derived from the line drawn through the HCl pomts so 
that It nould represent fair agreement with tbe other points and approach a lumt 
mg value when « — 6 



TiiBLE I 

Reachoji Titucs of Fimduhis to Actds v. Fresh Water 


Temperature 18 ± 0 2°C Rate of flow 100 cc. per minute h = 10 The 
values m Column 3 were calculated from equation (1) 


pH 

Obser\ed RT — 4 

Calculated RT — 4 

Probable error of 

Rr - 4* 

Hj'drochlonc 


sex 

sec 


3 02 

2 72 

2 SI 

0 1060 

3 17 

3 30 

3 09 


3 44 

3 SO 

3 SS 

0 2312 

4 00 

6 00 

5 95 


4 68 

9 30 

10 02 

0 7106 

Acetic 

3 74 

2 69 i 

2 49 

0 1996 

3 90 

3 79 

2 97 

0 2473 

4 10 

4 42 

3 68 

0 2893 

4 33 

5 67 

4 69 

0 3934 

4 64 

7 61 

6 52 

0 6294 

5 10 

14 7S 

I 

10 61 

0 8922 

Propionic 

3 75 

2 20 

1 69 

0 0903 

3 92 

2 73 

2 08 

0 1326 

4 16 

3 30 

2 81 

0 1269 

4 65 

4 70 

5 16 

0 2015 

5 06 

S 04 

8 58 

0 4850 

S 21 

13 65 

10 33 

0 5386 


Butjnc 


4 10 

2 23 

2 11 

0 1286 

4 21 

2 65 

2 44 

0 1100 

4 38 

2 74 

3 08 

0 1410 

4 88 

6 49 

6 05 

0 4641 

4 98 

5 40 

6 93 

0 2087 

5 29 

9 88 

10 54 

0 6926 


Valenc 


4 20 1 

2 31 

2 13 

0 1714 

4 34 

2 99 

2 60 

0 1533 

4 79 

4 03 

4 92 

0 1438 

4 93 

6 10 

6 02 

0 7219 

5 35 

7 61 

10 93 

0 5104 


Caproic 


•1 52 

2 94 

3 16 

wmtmm 

4 85 

4 58 

5 12 

i hII 


2(-f ') 

•pE = =0 8453 — p== 
rvr — 1 
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where n = number of CHj groups m the acid molecule (For hy- 
drochloric acid « = 0 ) For each acid the equation ma) be wntten 
in the simphfied form 


RT - i 


1 


( 2 ) 


where A and b are constants which fix the position of each hnc There 
are definite experimental hmits within which these equations describe 



Fig 1 Log of rate of reacuon ^where rate — plotted against log 

(H'^) X 10® for sUrauIation of Fundulus in fresh water b> the following aads 
HCI (O), acetic (X), propionic (D) butvnc (0), valenc (-I-), caproic (W) 
(See text for further descnption ) 

the process of stimulation of Fundulus by acids m fresh water These 
limits arc defined by the plot Since the Imes all intersect where reac 
tion time = 27 5 seconds and the (H+) = 1 X10"*N, it is obvious that 
extrapolation of the equations below these points would have no ex 
penmcntal justification The common intersection further shows that 
stimulation by any of the acids may be correlated solelj with the po 
tential of the hjdrogen ion at the lowest (H+) value Although the 
lines drawn from equation (1) do not fit some of the plotted pomts 
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very well, the following interpretation would still be justified even 
though shghtly different lines or no lines at all were drawn 

Stimulation by HCl is correlated \nth the effective hydrogen ion 
concentration Stimulation by the fatty acids, as their concentration 
mcreases, is correlated with two factors the effective hydrogen ion 
concentration, and the potential of the non-polar group m the mole- 
cules The latter potential mcreases by a fixed amount as each CHj 
group is added to the molecule begmnmg vuth acetic acid However, 
not all of this added energy is available for stimulation, smce as the 
number of CH 2 groups mcreases the stimulatmg effect mcreases by 
smaller and smaller amounts, and gradually approaches a maximum 
value, as shoum by equation (1), where the limitmg slope approaches 
0 665 This situation differs from stimulation by alcohols, where 
each CHo group mcreases effectiveness by a constant amount (Cole 
and Allison, 1930-31) 

The results correspond quahtatively vuth those obtained on the 
sunfish (Alhson, 1931-32, Cole and Alhson, 1932-33 a) Both Eupo- 
mohs and Fundnlus react m the same way to mmeral and fatty acids 
In each fish stimulation by the mineral acids may be correlated with 
the effective hydrogen ion concentration, and stimulation by the fatty 
acids with length of the carbon cham However, there are quantita- 
tive differences The sunfish has a higher threshold for stimulation 
by hydrochloric acid than Fundulus and the mathematical statements 
describmg the relationship between (H+) and rate of reaction also 
differ for the two fish Stimulation by the fatty acids in Eupomohs 
IS correlated primarily with the field of force around the non-polar 
group, which is not true for Fundulus Furthermore m the sunfish 
a hmiting stimulatmg value determmed by the number of CHn groups 
m the molecule is not reached so quickly as m Fundulus The differ- 
ence m behavior must be due to differences m the receptive mecha- 
msm Although the equihbnum is shifted m both cases by a change in 
(H+), a shift of stimulatmg proportions is reached at a loner (H+) in 
Ftmdidus than m Eupomohs, which means that the dynamic equilib- 
rium between receptors and environment is different in the two fish 
The simplest assumption to make is that the chemical natures of the 
receptors differ Such a difference would also account for the differ- 
ent behavior of the two fish towards stimulation by the fatty acids 
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In Fundtilus the interface might become saturated with fatty aads 
lower m the series than m the sunfish, so that addition of more CHj 
groups to the molecule produces no further mcrease in stimulation, 
while m Eupomolis saturation occurs only with the higher aads in the 
senes, allowmg mcreased stimulation as more CH groups are added 
In both fish the concentration of fatty aads at the receptor surface, 
as determmed by the length of the carbon cham and by the composi 
tion of the receptor surface, would mcrease the activity of the hj dro 
gen ion at the mterface beyond that of the medium as a whole If it 
IS further assumed that the only r61e of the non polar group m the 
fatty acids is to concentrate the acids at the receptor mterface, then 
equal rates of reaction m one fish would be produced by equal hydro 
gen ion concentrations at the surface, regardless of the aad used, 
even though the hydrogen ion concentrations of the media as a whole 
were quite different for the different acid solutions How e\ er, smee 
intensity of stimulation is alwajs measured by a change m hydrogen 
ion concentration of the media, stimulation by the fattj acids must 
be correlated wholly or in part with a force which is not measured m 
terms of primary valence 

Experiments m Sea Water 
(a) Mineral Acids 

With Fundulus adapted to sea water the stimulating effiaenacs of 
HCl, HjSOt, and HNOj were tested at several concentrations Ten 
observations on each of two fish were made at each concentration 
The two sets of data were so similar that they w ere averaged (see Table 
II) In Fig 2 the logarithm of the rate is plotted agamst the loga 
rithm of the (H+), revealmg a linear relationship overthecrperimental 
range Per cent vanation* is essentially constant, indicatmg no 
change m the mechamsm of the stimulation process The three 
mmeral aads evidently enter mto the reaction in equivalent amounts 
Stimulation by these aads must therefore be correlated with the so 
called chemical forces of primary valence which can be measured by 
the hydrogen ion concentration The hnc m Fig 2 is much like the 

* Per cent vanation •> Th' average per cent vanaUon for the mmeral 

adds in sea water » 6 7 (C/ Allison 1931-32 and Cole and Allison, 1932-33 a ) 
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TABLE n 


Reaction Times of Ftmditlus to Mineral Acids in Sea Water 
Temperature 17 7 db 0 2°C Flow 250 cc per minute n =20, 10 on each 
of t^^o fish 


pH 

m 

Probable 

error* 

pH 

BB 

Probable 

error 

pH 

RT -1 

Probable 

error 

H>droch]onc aad 

Sulfuric acid 

iMtric acid 


SC'- 



sec 



see 


2 70 

1 66 

0 1148 

2 68 

1 76 

0 1241 

2 70 

1 46 

0 0712 

3 12 

2 36 

0 1556 

2 89 

2 06 

0 1226 

2 90 

2 01 

0 0942 

3 18 

3 24 

0 2487 

3 24 

2 23 

0 0976 

3 27 

2 64 

0 1272 

3 34 

2 67 

0 1336 

3 53 

3 24 

0 2594 

3 61 

2 97 

0 1083 

3 52 

2 65 

0 1883 

3 85 

3 14 

0 1754 

3 81 

3 23 

0 1827 

3 60 

2 77 

0 1480 

4 16 

4 22 

0 2924 

3 95 

3 82 

0 2479 

3 79 

3 30 

0 2510 

4 46 

5 76 

0 3714 

4 14 

4 29 

0 2188 

3 93 

3 79 

0 2842 

4 53 

4 61 

0 4097 

4 49 

5 16 

0 3787 

4 00 

3 57 

0 2960 

4 72 

5 15 

0 3039 

4 94 

6 16 

0 4286 

4 08 

4 71 

0 2941 

5 08 

7 93 

0 5787 

5 19 

9 13 

0 5059 

4 34 

5 01 

0 3464 

5 10 

6 29 

0 4689 

5 28 

8 79 

0 5528 

4 42 

7 23 

0 4912 

5 22 

11 66 

0 8513 

5 47 

9 32 

0 6046 

4 49 

5 95 

0 5550 

5 41 

10 24 

0 4450 

5 SO 

11 47 

0 8760 

4 77 

5 57 

0 5651 

5 50 

10 26 

0 5549 

5 73 

10 23 

0 4987 

4 85 

7 37 

0 5758 

5 60 

11 85 

0 6900 

5 75 

11 67 

0 6933 

5 00 

5 88 

0 5919 

5 87 

14 24 

0 8995 

5 85 

14 23 

0 9199 

5 18 

S 81 

0 6488 







5 23 

10 16 

0 7912 







5 25 

12 60 

1 1939 







5 70 

14 47 

1 4681 




1 



5 SO 

11 50 

0 8056 







5 SO 

14 08 

1 0389 








*v'E = ±0 8453 — 7 == 

«v« — t 


HCl line m Fig 1, and can be described by the same equation (Equa- 
tion 2) wnth slightly different constants, as follow s 

for HCl in fresh water RT - i = 3 59(fH)«":. 

for HCl, H-SO., and HXO, m sci water RT - 2 = , (4) 


Both equations are subject to about the same experimental limits 
Such close agreement indicates that a change from fresh to sea water 
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does not alter the type of reaction at the receptor interface when 
mineral aads are added to the environment of Fundiihts By mcreas 
mg the (H+) of cither fresh or sea water mth mmcral acids, the estab 
lished equihbnum e-astmg between receptors and environment is so 
shifted that the same response occurs 



Fig 2 Log of rate of reaction ^where rate - ' ^^Z ' 2 ) rl*itte<I against log 

((H+) X 10*) for stimulation of Funiulm msea water by HCl (O), H SOj (O) 
and HNOj (A) (See text for further description ) 

A year previously qualitative data were secured for stimulation by 
HCl and by the fatty acids (acetic propionic, butiTic, valeric, and 
caproic) in sea water, and are presented in Fig 3 Although the 
threshold for stimulation by HCl was slightly lower, the slope of the 
line IS the same as that for HCl in Fig 2, showing erccllent agreement 
wath the later tests Here again cndencc csists that the fnttv aads 
are more efrectivc than the mineral acids because of the presence of 
CHj groups m the molecules Although there arc not sufTicicnt data to 
justify a quantitative treatment, the difference in spread of the Imcs 
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for fatty acids in Fig 1 and Fig 3 is considered significant, and not as 
due to expenmental or other s^'stematic errors In fact, a difference 
might be expected because over the whole experimental range it was 
necessary to use higher concentrations of fatty acids in sea water than 
m fresh water m order to produce the same pH For example, 0 0004 
N propionic acid m sea water changed the pH from 8 2 to 7 4, while in 
fresh water it changed the pH from 8 0 to 5 2 A lower concentration 



Fig 3 Log of rate of reaction ^i\herc rate = ^ plotted against log 

((H+) X 10®) for sUmulation of Fmdnhis b> the folIo^\nng acids HCI (O), 
acetic (X), propionic (□), but\ric (©), valcnc (+), caproic (V) (Sec text 
for further descnption ) 

of free fatty acid and a higher concentration of the salts of the fatty 
acids therefore exist in the sea water solutions than in the fresh water 
solutions Furthermore, there is a greater change in CO; pressure in 
the sea water solutions than in fresh water, since sea water is buffered 
mostly by bicarbonates Smee little difference was found between 
the stimulatmg efficiencies of the mineral acids in fresh and in sea 
water, a change in CO- pressure is probably not the reason for the 
different effects of the fatti acids m the two envaronments However, 
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part of this difference must be explained b> the formation of higher 
concentrations of the fatty acid anion m sea water than m fresh water 
The tendency of this anion to alter the complex ionic equihbnum at or 
near the receptor interface in sea water has been recognized in the 
mterpretation of experiments with the barnacle (Cole, 1931-32, Cole 
andAlhson, I932-33b) 


TABLE m 

Reaction Times of Tundulus to Inorganic Salts in Sea IVater 
Temperature 17 7 dt 0 2 C How 250 cc- per minute « » 20, 10 on each 
of ttvo fish Concentration normal =* normal concentration of salt added to sea 
water 


CoDcen 

tialioD 

nomul 

Rr-2 

rrobable 

error 

C ocen 
traUoQ 
Roraiil 


TrobaWe 

error 

CODCtD 

tration 

nonnjtl 

RT-rJ 

Proboble 

mot 

Sodium nitrate 

1 Sodium chloride 

1 Sod um sulfate 


ue 






ue 


0 OS 

19 74 

1 0459 

0 08 



0 OS 

17 46 

1 2627 

0 085 

1$ 13 

1 5865 

0 085 


1 3863 

0 09 

13 61 

1 0326 

0 09 

iia 

1 34/7 

0 09 

Sra 

1 0163 

0 10 

!0 45 

0 4977 

0 09S 

■SI 

1 3316 

0 09S 


1 1956 

0 n 

9 49 

0 4458 

0 10 

Ira 

0 4090 

0 10 

10 88 

0 5479 

0 12 

9 52 

0 7352 

0 105 


0 9380 

0 105 

12 81 

0 8540 

0 13 

7 87 

0 4901 

0 11 

10 57 

0 4498 

0 11 

13 28 

0 8194 

0 14 

5 92 

0 2916 

0 115 

6 55 

0 6945 

0 115 

8 43 

0 4430 

0 16 

5 03 

0 2918 

0 12 

8 70 

0 3578 

0 12 

8 93 

0 5916 

0 18 

5 23 

0 2989 

0 125 

9 97 

0 8812 

0 125 

8 91 

0 5947 




0 13 

8 23 

0 5231 

0 13 

9 29 





0 135 

9 61 

0 9159 

0 135 

9 80 

0 6529 




0 14 

6 07 

0 30/6 

0 14 

8 72 

0 M12 




0 145 

6 IS 

0 5837 

0 145 

8 93 

0 3677 




0 IS 

6 56 

0 4235 

0 15 

7 82 

0 8446 




0 155 

4 93 

0 6720 

0 155 

7 83 

0 6110 




0 16 

4 9j 

0 3117 

0 16 

6 45 

0 6895 




0 165 

5 46 

0 5710 

0 165 

5 72 

0 4269 




0 17 

4 85 

0 2594 

0 17 

6 80 





0 175 

5 35 

0 5563 

0 175 

6 71 

0 7402 




0 is 

4 SO 

0 3158 

0 18 

4 69 

0 3372 







0 19 

5 16 






(fi) Inorganic Salts 

Tests itere also made with the sodium salts of HCI, HjSOi, and 
HNOi, the data are collected and suromanzed in the same for 

the aads (sec Table III and Fig 4) The pH of the salt solui 
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where C represents equnalent concentrations of the salts added to 
sea water Check tests for each of the salts indicated by concentnc 
circles in Fig 4 were made by another observer on a single fish adapted 
to a different experimental set up ivith a lower rate of flow (100 cc 
per mmute) There is no apparent break in the relationslup stated 
by equation (5), since the per cent variation is independent of the 
change m concentration 

Although much higher concentrations of the anions were used in 
the salt solutions than m the acid solutions, there is no evident effect 
which can be correlated with difference m the polantj of these ions 
Sodium chlonde, sodium sulfate, and sodium nitrate enter mto the re 
action in equivalent amounts, so that surface forces which might alter 
such a stoichiometric relationship play no r61c Stimulation by these 
salts as well as by the rmneral acids can therefore be correlated with 
the forces of primary valence However, the stimulating efficiency 
of the sodium salts measured by threshold concentrations is much 
less than for the acids The greater threshold concentration of the 
salts might be expected smee the fish is adapted to a relatively high 
concentration of sodium ions in sea water The efficiency of the rcac 
tion m stimulation by salts and by acids may also be measured by the 
slopes of the lines m Fig 4 and Fig 2 The greater the slope the 
greater the efficiency of the reaction over the experimental range 
The concentration exponent in equation (5), which is the slope of the 
Ime, IS 1 78 while the exponent m equation (3) for the romeral acids is 
0 292 Therefore after the respective threshold concentrations have 
been reached the sodium salts are more effective as stimulatmg agents 
than the mineral acids 


SUMUARV 

1 rimdulus heterochtus was found to be a reliable expenmental 
animal for studies on chemical stimulation m either fresh or sea w atcr 

2 The response of ruiidnliis to hydrochloric, acetic propionic, 
butync, valenc, and caproic acids was determmed in fresh water, 
while the same acids plus sulfuric and nitric as well as the sodium 
salts of the ramcral acids, were tested in sea water 

3 Stimulation of rundulus by hydrochloric acid in fresh water is 
correlated with the effective hydrogen ion concentration Stimula 
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1 

We undertook the following study of photosynthesis in Gtgarliiia 
partlj in the hope of generalizing some of our conclusions draivn from 
work with CMorella, but the results seem interesting m sevcnl other 
respects as well The rather primitive methods used heretofore m 
measuring photosynthesis m manne algae do not permit mucli control 
of external conditions From the cxistmg knowledge of photosjTithc 
SIS in fresh water aquatics and terrestrial plants, it is clear that results 
cannot be mterpreted unless the degree of saturation wrth light and 
carbon dioxide is known These essentials have neicr, as far as we 
arc aware, been established m the experiments with marme algae, 
yet the results have been made the basis of important generalizations 
about the photosynthesis and ecology of these organisms Several 
investigators have concluded that the Flondcae are enabled, by the 
activity of then charactenstic red pigment, to grow successfullj at 
great depths, and m general where the color and intensity of the 
light are unfavorable to the dcrclopmcnt of green and brown algae 
In this paper wc cannot undertake to discuss adcquatel} the ques 
tion of the photosjaithctic aclivil> of phycoerrthnn, or the distnbu 
tion of the Flondeae nor do wc think that a study of a single sjieaes 
such as we ha\c earned out, would provide proper basis for such a 
discussion Wc mention these problems onlj because our experiments 
indicate the kmd of mformation which wall have to be collected before 
such questions can be discussed profitably 
The shortcomings in the technique of expenmenters on photosyn- 
8)7 
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thesis m marme algae are illustrated by the work of Ehrke (1931) 
He, hke Kiiiep (1914), Harder (1915), and Montfort (1929), kept his 
material under so called "natural” conditions, because he was attack- 
mg an ecological problem To measure photosynthesis, he enclosed 
samples of algae m glass vessels of special design, and of about 1 liter 



Time of illumination 


Fig 1 Gigarlma photosjTi thesis m ordinary sea water (solid circles), and in 
ordinal^ sea ivater saturated with 5 per cent COj m air (open circles) Tem- 
perature - 15°C Rate of photosjmthesis is in mm of Brodie per 5 minutes for 
2 1 cm “ of matenal 

capacity They were filled to the neck with sea water, stoppered 
tightly, and exposed to light for several hours, either in the laboratory, 
or at various depths in the sea Photosynthesis was determined by 
titrating the oxygen content of samples of sea water taken before and 
after exposure Ehrke gives the dry weight of the material for each 
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experiment Usmg Harder’s (1915) table of dr> weights, we hate 
estimated that Ehrke used about 50 gm of fresh material in about a 
liter of sea water, for a typical experiment 

In Fig 1 we have plotted relative rates of photosynthesis against 
time of illummation The curve with sohd circles represents measure 
ments with a piece of Gigarlitta weighmg less than 150 mg , suspended 
m 8 cc of ordinary sea water Illummation began at zero on the tune 
scale Photosynthesis nses to a maximum m about IS mmutes, and 
soon afterwards enters an almost Imear declme Tlus shous that 
when Gtgarltna and sea water are used in these proportions, onl> the 
measurements of the second 15 mmutes of illummation are approxi- 
mately constant In Ehrke’s experiments more material was used in 
proportion to the amount of sea water, and he detcnnmed only the 
average rate for 3 hours or more The curve with sohd circles m Fig 1 
shows that this may be somethmg quite different from the rate of 
photosynthesis under truly "natural” conditions, when the algae are 
bathed contmuouslj m fresh sea water 
The declme m rate is not due to irreversible injury from the expert- 
mental conditions, but to a steady fall in the carbon dioxide concen 
tration, because of its removal m photosynthesis This is well shown 
by the curve with open circles in Fig 1 Here the same amount of 
material was suspended m the same quantity of ordmary sea w ater, 
this time saturated with 5 per cent carbon dioxide m air Under 
these conditions the rate shows no sign of droppmg for 2 hours or longer 

n 

Methods 

I’hotosyntliesis was measured with Barcioft It arburg manometers and tec 
tangular vessels of the tjpe illustrated bj Emerson (1929, p 614) We shall 
discuss m detail the control of carbon dioxide concentration in sea water and 
mention bricflj the provisions made in this investigation for the other external 
factors 

Carbon Dioxide Coiicenlralion — Oidinar> sea water contains a small amount of 
dissolved carbon dioxide a much larger amount of bicarbonate, and some car 
bonate If the dissolved carbon dionde is used for pholosj-nthcsis some of the 
bicarbonate will decompose to form carbonate and more carbon dioxide liut 
the concentration of the carbonate bicarbonate svslem is too low to maintain a 
constant concentration of carbon dioxide in our expenmcnts and we have alrcadv 
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explained that the rate of photosjoithesis falls unless some additional supplv of 
carbon dioxide is pro\nded The curve unth sohd circles in Fig 1 shows that rate 
measurements may be made m the second 15 mmute penod after the beginning of 
illummation, while the rate stays approximate!} constant Because of the readv 
avadabihty and constant composition of ordinary sea water, this maj often be a 
desuable practice I^Tienever we have used this technique, w'e have calculated 
the oxygen production, or photos>mthesis, on the assumption that the pressure 
changes are entirely due to evolved oxygen, and that the partial pressure of carbon 
dioxide remams constant for this short penod of tune This is a rather crude 
assumption, because of the poor buffermg effect of the bicarbonate in the sea 
water It tends to make the calculated oxygen production, and hence the rate of 
photosjmthesis, lower than the true value 

A constant rate of pressure change can be mamtained for several hours b\ 
suspendmg matenal m ordmar)' sea w ater saturated with 5 per cent carbon dioxide 
in air The curve with open circles in Fig 1 shows measurements of photo- 
sjmthesis in this medium It show's no tendency to declme, even at the end of 70 
mmutes, and the same is true of much longer penods To calculate gas exchange 
from pressure changes m such a system, we may regard it as analogous to War- 
burg’s Ringer solution saturated with 5 per cent carbon dioxide (c/ ■\^^arburg, 
1924) Two vessels contammg unequal volumes of fluid are required for each 
determination Carbon dioxide consumption and oxj'gen production, and hence 
the photosj-nthetic quotient CO 2 /O 2 , are calculated from the pressure changes in 
the two vessels Pressure changes m a single vessel can be used as a measure of 
relative rate of photos}'nthesis when the quotient is unknow'n The curve with 
open circles in Fig 1 w'as made in this w'ay JMaterial m ordmary sea water 
saturated with 5 per cent carbon dioxide attains a steady rate of photos 3 'nthesis 
more slowly than matenal in other media, as is illustrated by Fig 1 For this 
reason w e have preferred to use artificial sea water without carbonate or bicarbon- 
ate, saturated with 5 per cent carbon dioxide, for measunng the photosynthetic 
quotient The experiments made m ordmary sea water saturated with 5 per cent 
carbon dioxide serv'e as a useful check on those made under more artificial condi- 
tions Either ordmarj' or artificial sea water saturated wath 5 per cent carbon 
dioxide has at 15° a carbon dioxide concentration of xerj' nearl}' 0 002 molar 
But artificial sea water saturated wath the gas mixture may be objectionable 
because it is considerably more acid than other media w e have used The ordmary 
sea water at Pacific Groxe had a pH of 7 6 When saturated with 5 per cent car- 
bon dioxide, the pH fell to 6 6, while the value for artificial sea water wathout 
carbonates, and saturated with 5 per cent carbon dioxide, was about 5 3* In 
spite of the aadiU , photosrathesis in this medium continues at a constant rate for 
some time 


* '\\ e are indebted to Dr K \ Thimann for making the pH determinations for 
us, with a glass electrode 
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In the raajont\ of our erpenments carbon dioxide was provnded bv adding to 
artifiaal sea water larger amounts of carbonate and bicarbonate than are present in 
ordinary sea water The advantages of carbonate mixtures for stud>^ng photo- 
s>Tithesis have been brought out b> Watburg^swork with Chlordla (1919) Thc> 
exert a buffenng effect on the carbon dioxide concentration and maintain u 
nearly constant so that photosvmthesis can be measured bv oxv’gen production 
Warburg has been widely critiazcd for his use of carbonate mixtures which con 
stitute a rather unph>siological medium for CMarelh WTicther or not these cnti 
asms are justified * thej have little or no bearing on the use of carbonate mix 
tures for marme algae because ordinan sea water is alread\ a dilute carbonate- 
bicarbonate mixture The normal pH of ocean water is said b> Harvej (1928) to 
be about 8 1 In strengthening the concentration and var>nng the composition of 
the carbonate mixture w e have confined ourselves to a pH range of 7 6 to 8 6, a 
slight vanation from the normal 

Warburgs solutions were of 0 1 molar concentration and were well buffered 
Such concentrated mixtures cannot be prepared in sea water mthout preapitatmg 
calcium and magnesium carbonates Artifiaal sea water could be prepared with 
less calcium and magnesium, and the sa]imt> made up b> using more sodium and 
potassium chloride Such a medium would probabl> be umnjunous to tnanne 
algae for short periods, and would permit the use of more concentrated carbonate 
mixtures, resulting in a a valuable improvement in their buffenng capacities 
We have made no experiments m this direction 

Our artificial sea water was prepared according to the specifications of E J 
Allen (1914 p 421) except that the cWondcs were not titrated, and ordman 
distilled water from a tin lined still was used The following slock solutions were 
mixed as indicated 

Amm/iU */ tloek tff 


SlMi S«Juhn JOO u tta voUf 

ct, 

28 3 gm. NaCI in SOO cc HjO 50 0 

KCl molar solution 1 0 

CaCl , 1 1 

hfgClj 2 6 

MgSO, ' 2 9 


After mixing, distilled water was idded to make 84 cc. and then I6cc of carbon 
ate bicarbonate mixture >sere added The stock solutions must be mixed and 
diluted before adding the carbonate mixture to a% oid preapilation of carbonates 
Ruch and several collaborators (1932) made an exhaustive stud) of carbonate 
cquilibni in sea water and compiled tables which facihlalc the calculation of the 


Since prepanng this paper wc have made experiments which show that at 
least at high concentrations of carbon dioxide the rate of photcwvmthcsis m ChioreUa 
IS quite independent of pH between 4 6 and 8 6 This objection to Warburgs 
procedure appears to be inv'alid 
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carDDn diozide ccncentiEtica and additj of our A'anous carbonate mixtures in 
artidcdal sea rvater. Ti'e snail indicate the form in irhicn their data are given, 
and the essential steps in calculating carbon dioxide concentraPon. 

Ttlien carbon dioxide phimcallv dissolved in rrater is in equihbnum ivith the 
carbon dioxide in the air the concentration [COr] in the vater, expressed m mols 
perhter, is related to the partial pressure pco of carbon dioxide m the air, ex- 
pressed in atmospheres hi theeguaPon 

ICOJ = c pco- 

Here c is a constant called the molar solubihtx of carbon dioxide, xvhose xaluc 
depends on the temperature and the quanPP of dissolved sohds Euch’s report 
includes a table of molar solubihties of carbon dioxide in sodium chlonde soluPons 
for temperatures from —2° to 30"C , and for salt contents or salinities (5) from 
zero to 40 °/oz> The simbol °/oo denotes parts per thousand bi veigbL The 
solubihties in sea xvater do not diner appredahh' from those m sodium chlonde 
solutions of correspondmg temperature and salmi tx (The “sahmti'” of sea xvater 
refers to the total salt contenP) Therefore xve can use these values in calculating 
the concentration of carbon dioxide in sea xvater if xve knoxv its partial pressure 
in the air The concentrations in ordinan and artifiaal sea xvater saturated xvith 
5 per cent carbon dioxide were calculated in this xvax 

The dissociation of the dissolved carbon dioxide max tale place through either 
of txvo intermediate steps 

(a) CO. -f HrO = HiCOj = -f HCOr, 

(b) H:0 - H- -f OH-, CO. -h OH- = HCOj- 


huther of these pairs of reactions leads, bx ehmmation of the intermediate step, 
to the fohoxring Tnaxx action expression for the equilibnum concentrations 

lH-lIHCO-3 ^ ^ 

[COJ IH.-OJ 

“^ince the concentration of xvater molecules is constant for a xvater sample of gix en 
salm-tx- and temperature, its x-alue max be mcoiporated m the constant The 
bicarbonate ion dissociates further 

HCO - = H- 4- CO - 

V, e hax e then, using Bucn s notation for the constants 

mimco-3 „ 

[COJ - 

iHi'CO-] 


[HCO.-] 
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These ma> be solved for the carbon dioxide concentration or the hydrogen ion 
concentration 


[CO,} 


IHCQrl* 

ICO,-]’ 


lH+1 - A, 


[HCOr] 

[corl 


0) 

( 2 ) 


The values of A,, and A' vary with both the temperature and the sahmt} of the 
water According to the theory of Debye and Htichel (Clark, Chapter 25), as 
well as to experiment these constants are functions of the ionic strength n of the 
solution which is one-half the sura of the products obtained bj multiplying the 
concentration of each ion m the solution b\ its valence All dissolved salts arc 
considered to be completely lomzed 

Natural sea water, though varynng widely ra salinilv, maintains a very constant 
relative composition so that the concentiation of a single constituent completely 
determines the composition Thus seawater is commonly characterized by its 
chlorine content The ionic strength salinity and chlorine content of natural 
sea water are directly proportional to one another as foUou’s 

M-0 020 XS / ,- 0 036 X Cl /. 


Buch’s tables give values of pA«, and pK defined respectively as — 3ogi<j A#, 
and “ logio tabulated as functions of chlorine content for temperatures from 
0 to 30 C and for chlorine contents up to 22 ®/ e The ionic strength is the true 
deterraming factor, and only ui the case of natural sea water can this factor be 
stated in terras of chlorine content The importance of usmg these values for the 
constants determined m sea water mplaceof the usual values for the constants as 
determined m extremely dilute solutions is realized when we note that, for example 
at 20 C in extremely dilute solutions A'* has the hmiUng value 3 5 X 10"“ 
while m ordinary sea water (Cl « 19 V o) its value is 1 7 X 10"* about fifty 
times as great 

Dr Maclnnes has denved a v-alue of A t for sea water of the same salinity by 
extrapolation of a curv e published bv Maclnnes and Belcher (1933) which differs 
greatly from the value obtained from Buch s figures But these authors made 
their determinations in iriore dilute solutions than Buch whose determinations 
were made m sea water and a considerable extrapolation was required Buch and 
others have pointed out that such constants arc a different function of n in dilute 
and m concentrated solutions so wc have preferred to use Buch sv'alucs belicvnng 
them to be the best obtainable at present ^\^lllc future work on carbonate 
equilibria may lead to different vnlues for the constants and hence modify our 
absolute carbon dioxide concentrations the relative concentrations in the various 
mixtures will probably remain unchanged as Warburg pointed out in connection 
with his own mixtures (1919 p U7) Warburg used constants dtITerent from ours 
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to calculate carbon dioxide concentrations in his mixtures, so his figures cannot 
be compared directly \nth ours, but m each case the shape of the curves and the 
conclusions to be drawm from them are not likely to be modified by changes in 
the constants ^ 

To solve equations (1) and (2), the concentrations of carbonate and bicarbonate 
ions must be knoTO The potassium carbonate and bicarbonate m our artificial 
sea water may be regarded as completely ionized, so we may set the initial ion 
concentrations equal to the concentrations of their respective salts Here, as 
elsewhere, we refer to concentration per hter instead of per kilo This involves 
only a neghgible error 

Table I shows the initial carbon dioxide concentrations and pH values of our 
mixtures of carbonate and bicarbonate m artifiaal sea water at 15°, calculated 

TABLE I 

Imhal Condthons in Artificial Sea Water with Various Carbonate Mixtures 


[HCOrl = 0 016/3 
[COai = 0 016 (1 - /3) 


1 

/3 


IS" 


4° 

Mixture 

pH 

atmos 
phercs X 10* 

[CO] 

ICO) 

\ 

V8 

8 6 

7 

inols X lO'/t 

2 7 

moil X 10</l 

2 4 

B 

3/4 

8 3 

15 

1 5 8 


C 

13/16 

8 2 

23 

9 1 


D 

7/S 

7 9 

41 

16 0 


L 

15/16 

7 6 

93 

36 0 

33 0 


from equations (1) and (2) We also give the concentrations of carbon dioxide m 
mixtures A and E for 4°, because these mixtures were used in experiments at 
different temperatures The pH changes only shghtly with temperature 

Two factors operate to alter the mitial carbon dioxide concentrations of our 
rmxtures The algal matenal withdraws carbon dioxide for photosynthesis, and 
carbon dioxide is exchanged between the mixture and the gas space until the two 
are in equihbnum The latter is a neghgible factor m our expenments, because 
the gas space is alwaj s small, and the partial pressures of carbon dioxide in equihb- 
num with our xarious mixtures are never much above its partial pressure in the 


* Later work of Buch has resulted in a revision of his values of pK'^ The 
reiTsed x’alue for K.\ at 20°C and Cl 19 °/oo is 9 8 X 10“^® This would reduce 
our calculated ralues for carbon dioxide and hi'drogen ion concentrations about 
40 per cent C/ Buch, K , J conscil internat I’cxploration de la nier, 1933, 8, 309 
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atmosphere The amount of carbon dioxide used m photos>'nthesis is large 
compared with that which may leave the mixture as gas and it is important to 
know how much may be used without greatly changing the concentration Mix 
ture E, mth the highest concentration, has the lowest buffering capaat> The 



Fjc 2 Gi^arlwa pholosjuthesis m artificial sea water to which has been added 
a mixture of potassium carbonate and bicarbonate The solid ardcs are for a 
mixture giving a low carbon dioxide concentration the open circles for a mixture 
giving a high concentration Temperatute — 15®C Rate of photosynthesis is in 
mm * O: per 5 minutes for 2 1 cm * of malcnal 

removal of 50 c.mm of carbon dioxide from 8 cc of mixture causes a fall of about 
20 per cent m the concentration The removal of an equal amount from mixture 
A causes a fall of only about 5 per cent m concentration 

The course of photosynthesis in Gt^arlim m two mixtures corresponding 
approximately to A and E is shown in Fig 2 In the lower concentration (solid 
ardcs) the rate remains at the same Icid throughout the experiment In the 
higher concentration after the initial nsc the rate remains fairh constmt for 
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alxiut 20 minutes, and then begins to show a decline, because of falling carbon 
diomde concentration In making experiments m these carbonate mixtures, 
we have confined oar measurements to the time mterval when the rate is nearh 
constant, the second 20 mmute penod after the begnuung of lUununation 

It IS e'vddent that better buffer mixtures could have been prepared b> keeping 
the carbonate constant, instead of decreasing it, as the bicarbonate was mcreased 
At the time we did our experimental work, information on carbonate equfiibna in 
sea V ater was not a%-ailable, and we had expected to use a method of calculating 
carbon dioxide concentration s imila r to Warburg’s This requires that the 
concentration of the cation, potassium m our case, be kept constant, vhile the 
carbonate and bicarbonate are \'aned The method of calculation ou timed abo\ e, 
usmg Buch’s table, doe not depend on the constanci of the cation concentration, 
so there is more latitude than we allowed ourseh e m preparmg our mixture 

Lzghlnjg — Illumination was pronded bi' a row of mternall^ frosted 60vatt 
lamps, placed as close to one another as possible, and about 8 cm. from the bottoms 
of the \ esels contaming the algal matenak The number of lamps was aln aj s two 
greater than the number of \ essels, not countmg the control, which contained no 
materiak 

To varj the intensity. , Wratten neutral filters were attached to the bottoms of 
the -vessels with rubber bands The manufacturer’s transmission figures for this 
senes of filters hav e been found to be correct within 3 per cent for mcandescent 
hght To insure that no hght entered the vessels except through the filters, the 
sides and tops were covered -with jackets of copper foil 

Tejupcralurc — Because of the kno-vra sensiU-vit} of manne algae to higher 
temperatures, we conducted our measurements at temperatures of Id® or loner 
fhe surface water at Pacific Grove is seldom if ever warmer than 16®C The 
vessels were shaken m a large water thermostat, the temperature of which was 
maintained constant to less than 0 05°C 


m 

Material 

We made tnal experiments with Iridaea, Nitophylhim, and Gigar- 
tina A species of Gigarhna, identified for us by Professor N L 
Gardner, of the Umversity of California, as G han'eya7ia,v,SLS selected 
as most smtable for our purposes Juvenile fronds are to be found in 
moderate quantity throughout the summer at Pacific Grove They 
grow m a narrow zone about a foot below mean low er low’ w ater The 
young fronds are smooth, tbm, free from epiphytic algae, and of a 
fairly uniform red color They were collected at low tide, and kept 
m a tank of runnuig sea w ater in the laboratory We found they could 
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be kept m good condition for 2 weeks or longer, but after this time thej 
showed a somewhat reduced rate of photosj nthesis The evpen 
ments descnbed m this paper were made with matenal kept less than 
7 days m the laboratory 

Pieces of thallus to fit m the manometer t essels were punched out 
with a 16 5 mm cork borer, or with an o\ al stainless steel punch 
which cut an area almost exactly twice that of the cork borer We 
have used 2 1 cm’ and 4 2 cm for their respective areas 

The manometer vessels were filled with measured volumes of flmd, 
and then the pieces of thallus were mtroduced, one piece to each ves- 
sel, immediately after being cut The change in fluid % olume made bj 
introducmg the piece of thallus with its adhering water was estimated 
by weighmg a senes of pieces cut with the oval punch from fronds dif 
fenng as much as possible in size and thickness The weights varied 
from 270 to 330 mg In any one experiment the vanation was surely 
much smaller, because care was taken to cut all pieces for a given ex 
penment from one frond, and as close together as possible The 
pieces were assumed to have a densitj of 1, and a umform addition 
to the fluid volume was made m all cases, 300 cmm for the oval 
pieces, and ISO c mm for the circular pieces 

The respiration of marme algae is generally supposed to be small 
In Gtgarltna it is about 1/30 of the maximum photos>'n thesis at 1S°, 
so it is an msigmficant correction under optimum conditions But at 
low mtensities or carbon dioxide concentrations it becomes an appre 
aable proportion of the photosynthesis In general w e hav e dispensed 
with measurmg it, and have made a small arbitrary correction for it 
Nothmg IS changed m our conclusions if the correction is omitted, but 
the lower pomts m some of the figures fall more nearly on the curves 
when it IS mcluded 

Photosjm thesis is expressed m cubic milhmeters of evolved oxygen 
calculated from change m pressure In making the calculations, the 
absorption coefficient a given m Landolt Bbmstem for oxjgen in 0 5 
molar sodium chlonde has been used This value ma) not be quite 
correct for sea water, but smce Oq, changes onl} shghtlj with salt con 
centration, and constitutes onlv a small factor in the calculations it 
may safely be used for our experiments 
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IV 

Description and Discussion of Experiments 

% 

One of the most charactenstic features of the photosynthetic proc- 
ess m Chhrella, and probably m green plants m general, is the be- 
havior of the temperature coefficient, Qio At high hght mtensities, 
the coeffiaent runs from 2 to 6, dependmg on the range studied 
Reduction m the rate of photosynthesis by lowermg the hght mtensity 
causes the coefficient to fall to nearly unity, whereas the same reduction 
m rate brought about by lowermg the carbon dioxide concentration, 
keepmg the hght mtensity high, does not greatly alter the coefficient 
If photosynthesis m the Flondeae mvolves the same reaction mecha- 
msm as m the green plants, then the Flondeae may be expected to react 
m the same way to temperature changes under these conditions 
The choice of hght mtensities and carbon dioxide concentrations 
for the experiments at different temperatures must be determined by 
measurement of photosynthesis as a function of these two factors 
Fig 3 shows a plot of rate of photosynthesis at 15°C , agamst hght 
mtensity m arbitrary imits The highest mtensity is the direct hght 
from a row of closely spaced 60 watt lamps, about 8 cm from the algal 
material Table 11 gives complete data for the expenment The 
coordmates of the points m Fig 3 are m Columns 1 and 7 The curve 
shows that the material is nearly saturated by the full hght mtensity 
Although the shape of this curve is somewhat different from War- 
burg’s mtensity curve for ClilorcUa (1925, p 388), this does not neces- 
sarily mdicate any difference m the two photosynthetic processes 
Warburg used thin cell suspensions, which reduced the mtensity not 
more than 10 per cent as the hght passed through them Our sec- 
tions of Gigarhna may have reduced the mtensity of the incident hght 
as much as 90 per cent as it passed through them This means that 
for Warburg’s cur\"e, all cells will reach saturation at about the same 
mcident mtensity, because they are all nearly equally illummated, 
v hereas for our cuiA^e the cells farthest from the hght vail reach satiua- 
tion only after the mcident hght has far exceeded the mtensity neces- 
sary to saturate the cells first receivmg the hght Consequently we 
should expect our curv^e to show a much more gradual approach to 
saturation, and this is actualh the case 
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Fig 3 Rate of GtgarUna pliotos>'Bthesis as a function of light mtcnsitj The 
unit of intensity IS arbitrar> Temperature •» 15®C Rate of photosynthesis is 
in mm * 0: per 15 minutes per cm * of material 


TABLE n 

Phoiosynihcsts at Different Light Intensities Detailed Data for Fig 3 
Area of algal material in each vessel •» 2 I cm JIalenal suspended m ordi 
nary sea vtater m equilibnura with air Light from six CO natt lamps close 
together 8 cm below \essels 
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We should mention here that the pieces of thallus never turn over 
while they are bemg shaken in the manometer vessels During an 
entire experiment they remam with the same side facing the full in- 
tensity of the hght, and the other side in deep shadow 

Montfort (1930) quotes Wurmser as statmg that Rhodymcma shows 
a diminution m photosynthesis when exposed to mtense hght He 



Fig 4 Rate of Gigarhna photosjoithesis as a function of carbon dioxide con- 
centration PhotosjTithesis is m mm ’ O 2 per hour per cm ^ of matenal, and CO; 
concentraUon in mols X 10’ High hght intensity, temperature = 15°C 

attnbutes this to the presence of phycoerythnn, because TJlva docs 
not show a similar dimmution Gigarhna may be exposed to mtense 
light for several hours, and still show an undimimshed rate of photo- 
sxTithesis, proxnded the supply of carbon dioxide remains adequate, so 
we think the phenomenon obserx’-ed by Wurmser can hardly be due 
to the presence of phycoerythnn 

Fig 4 shows the rate of photosynthesis at 15°C , plotted against 
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carbon dioxide concentration Table HI gives complete data, and 
the coordmates of the points are in Columns 2 and 10 The highest 
pomt on the curve may be a little low, because of the poor buffenng 
capacity of mixture E, which ne discussed in tie section on methods 
The curve is similar to those for CMorcIla photosynthesis obtamed bj 
Warburg (1919, p 254) and by Emerson and Arnold (1932, p 409) 
The rate is a hnear function of the log of the carbon dioxide con 
centration 


TABLE m 

P/iQlosynthesis at DtferenI COi Conceiilralwjts Detatted Data for Ftg 4 
Area of algal material m each vessel = 2 1 cm 

Material suspended m artidcial sea water with carbonate mixtures described m 
Table 1 

Qo, IS the rate of photosynthesis, expressed as volume of Oi evobed per hour 
per cm. of matenal, corrected for respitauon 
Temperature -■ ISO’C 
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We have investigated the effect of temperature on rate of photo 
synthesis in muxture E at full light intensity, and mth the 10 per cent 
filter, and in mixture A at full hght intcnsitj The results are shown 
in Fig 5, rate being plotted directly against temperature in degrees 
Centigrade The curve with solid circles is for high mtensity and 
high carbon dioxide concentration, the open circles for Ion carbon 
dioxide concentration and high intensity, and the crosses for low m 
tensity and high carbon dioxide concentration Table IV gives 
complete data, and the coordmates of the points ire m Columns I 
and 8 
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We have found that exposure of our matenal to temperatures 
between 4° and 16° caused no mjury, and that within this range all 
temperature effects were reversible 
Fig 5 mdicates that the mechanism of photos)mthesis in Gigarhna 
must be fundamentally like that in Chlorella A Blackman reaction, 
with a high temperature coefficient, governs the rate at high mtensities, 



Fig 5 Rate of Gigarhna photos^•nthesls plotted against temperature m 
degrees Centigrade Solid circles are for high intensit} and high COo concentra- 
tion, open arcles for high intensit}’- and Joiv CO2 concentration, and crosses for 
lo\^ intensit\ and high CO; concentration Photos}-nthesis is m mm ’ O; per hour 
per cm ' of matenal 

and a photochemical reaction, wth a coefficient of about 1 governs the 
rate at low intensities It seems evident that at low carbon dioxide 
concentrations the rate is determined by a chemical reaction, rather 
than b}’’ the diffusion of carbon dioxide, because the value of 4 4 for 
Qjo, calculated for the increase in rate from 4° to 8'’, is too high to 
represent a diffusion process Van den Honert (1930), using Hor- 
mtdium, failed to find a coefficient much higher than 1 at low con- 
centrations of carbon dioxide, and mterpreted this as showang that 
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the rate of photosynthesis nas governed by the diffusion of carbon 
diOTide From his curves, this appears likely , but tve believe that 
they represent hmiting conditions outside the cell due to his peculiar 
expenmental method In the case of Gtgartma, owing to the thick 
ness of the matenal it seems probable that the lower coefficient found 

TABLE rv 

Temperature Coeficrenh under t anous Conditions Detailed Data for fig S 
Light from four 60 watt lamps dose together 8 cm below vessels For lo \ 
intensity experiment vessels were corered with 30 per cent transmission filters 
Qot is the rate of photosymtliesis expressed as volume of 0, evolved per hour 
per cm * of matenal, corrected for respiration 
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at low carbon dioxide concentration, compared to the coeffiauit for 
high carbon dioxide concentration and high hght intensitv, is due in 
part to diffusion 

The effect of temperature on photosynthesis by manne algae has 
been mvestigated by Knicp (1914), Harder (1915), and Ehrke (1931) 
Kniep suggested that the abilitv of marme forms to develop success 
fully m the polar seas might depend on a greater fall m respiration 
than m photosynthesis as the temperature drops Harder is also of 
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this opinion, but his experiments give it meager support His figures 
show that the value of Qio, for Fucns respiration, is about 1 2 between 
4° and 16° Over this range, photosynthesis usually shows a Qio 
of 3 to 4, with a marked mcrease at the lower temperatures This is 
certamly the case with Gtgarhna Qio for photos 3 mthesis is 1 7 from 
12° to 16°, and 13 5 from 4° to 8° 

Ehrke claims that his curves substantiate Kmep’s view They show 
various photosynthetic maxima at low temperatures Sometimes 
there is a declmmg rate with rismg temperature, and another maxi- 
mum at a higher temperature Because of the extreme unlikelihood 
of such temperature functions, we must regard Ehrke’s curves as the 
result of a combmation of poor experimental technique and mjury 
at higher temperatures, unless they can be substantiated by reliable 
methods 

We reahze that external conditions may be such that somewhat more 
oxj^gen IS produced at low than at high temperatures, because at suf- 
ficiently low light mtensity photosynthesis practically does not change 
with temperature This is a perfectly general characteristic, and 
should not be represented as a special adaptation to enable marine 
algae to mhabit the polar seas It is also far from adequate to explain 
Harder’s statement that the oxygen production of Fkcks increases 
more than twenty times as the temperature falls from 17° to 0°, es- 
pecially m view of Harder’s oum respiration measurements on Fiicus, 
which show, as mentioned above, a Qio of only 1 2 between 4° and 16° 

To compare tlie effect of temperature on G^garlina photosynthesis 
quantitatively vnth similar measurements for other forms, we have 
plotted our results accordmg to the Arrhenius equation We do this 
only to brmg out similarities and differences which are othenvise not 
ob\aous, and we do not ivish to imply anything concerning the mech- 
anism of the temperature effect 

For our purposes the Arrhenius equation may be written 


vhere Ri and are rates of reaction at absolute temperatures Ti 
and Tt, R is the gas constant, c the base of natural logarithms, and /z 
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a constant whose value expresses the effect of temperature on the reac 
tion The work of Crozier and his collaborators has shoum that (i 
IS rarely constant for biological processes over their entire tempera- 
ture range, but may be nearly constant for short inten als (see Cro- 



Fig 6 Natural log ol the rate of photosj-nthesis plotted against the reciprocal 
of the absolute temperature Sohd circles are for C ni/soni open for C pjrr 
umdtM triangles for Cijarlmo and crosses lor Ucmidium All measuremcnls 
represent high intensity and carbon dioxide concentration 


zier, 1926) In the equation, ft usually represents heat of activation 
of reacting molecules, and is therefore expressed in calories Tor 
biological processes this may be of little significance because nc knoa 
so little about the reactants involved, but smee it may some day be 
possible to attach theoretical significance to ft tv e have quoted it in 
the units used by Crozier and others in biologica l )^ zk In Fig 6, 
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where the natural log of the rate of photosynthesis is plotted against 
the reciprocal of the absolute temperature, n represents the slope of 
the cur^'^es 

The sohd and open circles are for Chlorella vulgaris and C pyrenoi- 
dosa respectively The triangles are for our measurements vath 
Gigarhna, and the crosses are calculated from van der Paauw’s curve 
for Eonmdium (1932, p 558) The relative positions of the curves 


TABLE V 

Temperature Characteristics of Photosynthesis for Various Algae Data for Fig 6 
R IS the rate of photosjTithesis m arbitrary units m is the temperature char- 
actenstic or thermal mcrement defined b 3 ’- the equation 



uhere T is the absolute temperature Only maximum and imnimum values of ^ 
are recorded 
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are arbitral} , and do not indicate relalnc rates of photosynthesis for 
the se^eral organisms Table V shows the rates of photosynthesis 
at the tanous temperatures, and the logarithms of the rates, adjusted 
to bnng the curves to convenient relative positions in the figure 
The maximum and mmimum values of fx for each curve are also 
tabulated 

The minimum values of ju are roughly the same for all four species of 
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algae , but the GigarUii a and C vulgarts shou a great mcreaae in /i at the 
lo-^ver temperature, which is not shoum by Sonndtum and C pyrct ot- 
dosa If the data for Gtgarhna at low carbon dio^de concentration 
(open circles, Fig 5) are plotted in this way, a curve nearly like those 
for C pyrcnoidosa and Bormtdtum is obtained At present we can 
give no theoretical explanation for this, though it ma> be partly due 
to diffusion, as mentioned above Crozier and Stier (1926) discuss 
other cases where the value of m can be altered eNpenmentally 

TABLE VI 

Inhibition of Phoiosy'iithests in GisarUno by Cyomdt and b\ Phenyl Urethane 

Cyanide experiment 2 1 cm algal material suspended in artiScial sea Vk'atcr 
with carbonate mixture E At the pH of this mixture the cjanide js practically 
all in the form of HCN at equilibrium 

Phenyl urethane experiment 4 2 cm algal material suspended m ordmar\ sea 
water saturated with 5 per cent COj in air 
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■\Ve have found photosynihesjs in Gigorlwa to be hjgWy sensitive 
to traces of prussic aad and phenyl urethane Remo\at of the ure 
thane by washing results ui complete reversal of the inhibition In 
the case of cyanide, reversibility was not quite complete, even after 
short exposures to extremely Ion concentrations, and prolonged wash 
mg Possibly the cyanide causes secondary mjunes to the mateml 
The uihibited photosynthesis m cyanide does not stay constant, but 
falls steadily, so our figures for percentage inhibition are arbitrary, 
bemg token as soon as possible after introducing the cyanide The 
results of our experiments on inhibition by cyanide and urethane arc 
summarized in Table VI Extreme scnsitiviU to cyanide and nar 
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cotics IS a common charactenstic of photosynthesis m green plants 
{cf Spoehr, 1926, p 171) 

Two determmations of the photosynthetic quotient were made m 
artificial sea water saturated with 5 per cent carbon dioxide m air 
Figures for these experiments are given m Table VII The quotient 
obtained is close to umty, as might have been expected Kniep’s 
values for red algae also run close to umty, about —0 98 In neither 


TABLE vn 

Pholosynthetic Qiiohenl of Gigarlina m Incandescent and in Mercury Light 
The photosjTithetic quotient, 7, is calculated by the formula 


I^COi kcOi E Kq. — h kpi 
Kq^ ko- h kcOi — B KcOi 


V here the capital letters refer to the vessel with the larger fluid volume, the small 
letters to the other vessel In each vessel, 4 2 cm ^ matenal suspended in artificial 
sea water inthout carbonates, saturated inth 5 per cent COo m air 

Incandescent hght from a row of 60 watt lamps 8 cm below vessels Mercury 
light from an intense hot cathode mercurj" glow discharge tube close to vessels 
Temperature = 15°C 
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EcOi = 1 06 

H=49 9 
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case IS the difference from unity significant, considering the accuracy 
of the methods used Other determmations of the photosynthetic 
quotient of Qigarhna were made m ordinary sea water saturated with 
5 per cent carbon dioxide These also gave values close to unity 
A few measurements of photosynthesis were made m different colors 
of hght, m the hope of demonstratmg w^hether or not phycoerythnn 
can act photosjnthetically The work was not completed because of 
lack of tune, and we plan to make a more thorough investigation of 
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the question later For this reason we do not ■msh to give a detailed 
discussion at present It may be worth while, however, to indicate 
what bearing our results have on the wndely held opmion that red algae 
are enabled by their phycoerythrm content to utilize the shorter wai e 
lengths of light, and consequently to inhabit greater depths than other 
forms 



Fig 7 Rough comparison of intensity curves for Cieurlina and Ulta Inten 
siUes and rates of photos>'nthesi3 are m arbitrary units Open ardes are tor 
Giiortina sobd cirdes for Viva The highest rate of photosimthesis has been set 
at too in each case Temperature - Ia*C 

A number of investigators have compared the rates of photosy nthe 
SIS by red and green algae m red and blue or green light, and found 
that the red algae do relativ cly better in the shorter wav e lengths than 
the green algae We have been able to confirm this for Gvgarlitta and 
Ulva But von Richter (1912) has already pomted out that m certam 
cases at least the results on changing from red to blue or green light 
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can be duplicated by using a single color of bght and changmg from a 
higher to a lower mtensity Oltmanns (1892) reported that mtensity 
was of greater importance than color, m obtammg satisfactory labora- 
tory cultures of marine algae 

Von Richter’s results suggest that photos 3 mthesis m the red algae 
may generall}'" be hght-saturated at a lower intensity than m green 
algae Fig 7 shows that for Gigariina and Uha this is certamly the 
case Photosynthesis was measured at three intensities of white 
light for the two forms The maximum photosynthesis m each case 
was set at 100 The Ulva responded to a fall of 75 per cent m light 
intensity by a fall of 55 per cent m photosynthesis, while the Gtgarhna, 

TABLE vin 

Comparison of Rates of Photosynthesis in Gigartina and Other Organisms 
Rates are expressed as mg of CO 2 consumed in 5 hours per hundred square 
centimeters of material The figure for Gigartina is from our data, and all other 
figures are from Rniep (1914) 


Material 

TempTature 

Kate of 
pho osynthesis 

Gigartina Harrcyona 


68 0 

Padtna favoma 


13 74 

UPa lactuca 


6 56 

Porph^ra laciniata 

22 7 

8 98 

Echanthus annutis 

20 7 

109 0 


for the same fall m mtensity, showed only a 33 per cent drop m pho- 
tos 3 mthesis 

Differences m the hght mtensity curves may therefore account for 
the results of Engelmann (1883), Harder (1923), Montfort (1930), and 
Ehrke (1932), Txhich appear to have been erroneously interpreted 
as showmg that the red algae could use green and blue light better 
than the green algae This mterpretation may be correct, but at 
present there seems to be no conclusive evidence for it 

We also submit a companson of the absolute value of photosynthe- 
sis m Gigartina vnth. figures for other marine forms, and for leaves of 
Echaiitlius, m Table VIII Kniep (1914) has collected and tabulated 
a number of measurements, expressed m milligrams of carbon dioxide 
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reduced per 100 cm® o{ matena! m 5 hours Expressed in the same 
urats, the rate of photos 3 mthesis of a typical piece of our Gtgarhita 
compares favorably with the figure for Bchanlhiis, espeaally consider 
mg the temperatures at which the two measurements were made 
Beltanlltus is the most active of the land plants listed by Kniep He 
represents the marme algae m general as havmg a much loner rate of 
photosynthesis than terrestnal plants His findmg supports our con- 
tention that the metabolism of marine algae has usually been studied 
under rather unfavorable conditions 

SUMMARY 

A manometnc method for measunng photosynthesis in mannc 
algae is descnbed 

Photosynthesis in the red alga Gtgarltita liarvcvana is shown to be 
similar in all important respects to photosynthesis in Chlorella and 
other Chlorophyceae 

We take this opportunity to express our thanks to members of the 
staff of the Hopkins Marine Station, especially Dr Walter K Eisher 
and Dr C B van Niel, whose hospitality and cooperation made this 
work possible 
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SEARCH FOR MITOGENETIC RADIATION BY MEANS OE 
THE PHOTOELECTRIC METHOD* 

Bv EGO'I LOREN7 

(From Hie Office of Cancer Imeiligaltons, U S Public Health Service, Harvard 
Medical School, Boston) 

(Accepted for publication rebruar> 17, 1934) 

According to Gurwitsch’s' theory, based upon investigations of the 
distribution of mitoses m groitmg organisms, an osallatory phe 
nomenon of unknown nature must be effective in producing mito^s 
This leads to the further assumption that the dividing process itself 
IS accompanied by the emission of such radiation and, further, 
part of this radiation must be emitted from the biological object 
His fundamental experiment is said to prove this theory the tips of 
onion roots are placed opposite each other at a small distance (approxi 
matcly 1 mm ) One root serves as inductor, the other as detector 
It was found that the number of mitoses in the side nearest to the 
mductor had increased m comparison to the side furthest from it 

Numerous expenments were undertaken by Gumtsch and others’ 
to prove the radiation character of this agent Reflection and re 
fraction experiments were devised to prove this Absorption and 
spectroscopic experiments indicated that this radiation consisted of 
ultraviolet rays kVhfle Gumtsch and his school concluded from 
their expenments that the spectral region of the mitogenetic radiation 
lies between 1800 and 2500 A, Reiter and GSbor’ found two mito 
genetic maxima at 3400 and 2800 A, the presence of which is 
strongly denied by Gumtsch 

* A preUnunary note on this subject was published in the Pub Health Pep , V 
S P H 5,1933,48,1311 

’ Gumtsch Pi., Arch tnikr Anat u Pnlicchlnismechn 1923 109,11 

’ Bibhograpbics arc to be found in Reiter X and Gabor D Zelltcilun^ und 
Strahhing, Sonderhejt dec ictsrensck I erSffenlhehunten aus dem Siemens f em^rn 
Berlin, Jubus Sponger I92S and Gumtsch A Die mitogeneti cbe Strablung 
Bcrbn Jubus Sponger 1932 376 
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The energ}" necessary for the production of such high frequency 
radiation is of chemical ongm, as Gurwitsch assumes and tries to 
prove erpenmentally, and consists m reactions of the type of oxida- 
tion or proteolysis or glycolysis 

WTiile the majority of the very numerous publications on mitoge- 
netic radiation deahng vath the biological side of the problem supports 
Gunvitsch’s findmgs, a fev^ emphatically deny the effect and criti- 
cize his experimental methods The problem has been attacked from 
the physical side also Thus, tvo investigators, Rajeusky^ and 
Frank and Rodionov® report physical proof for the existence of this 
radiation, vhile others, Schreiber and Friednch® and Locher,^ with 
similar expenmental arrangements, could not detect any trace of it 
at all 

The use of yeast as biological detector for mitogenetic radiation is 
generally accepted at present and the increase m the number of 
buddmg cells in companson vnth a control is said to give the order of 
magnitude of the effect For physical detector, use is made of the 
photoelectnc effect, either b}" employing the photographic plate or a 
de\nce that works on the pnnciple of the photoelectric cell 

It is the purpose of this paper to show that after careful exclusion 
of all possible sources of error the physical ex-penment does not give any 
proof for the existence of a mitogenetic radiation 

Theoretical Considerations 

Assummg that mitogenetic radiation exists, it is possible, from 
theoretical considerations, to make a rough estimate of the minimum 
mtensity of the mitogenetic radiation vhich can conceivably be 
detected Ha\nng this mtensity, it is possible to make an estimate of 
the scnsitmt} of the biological and physical methods used for the 
detection of the mitogenetic ra} s 

®Ta\lor, G , and Har\e\, E N , Biol Bull Marine Biol Lab , 1931, 61, 
2S0 Richards,© W , and Ta\ lor, G ,Biol Bull Marine Biol , 1932, 61, 
113 

* RaJe^'.sk\, B , in Dessauer, F , Zchn jahre Forschung auf dem ph\silahsch 
medizmischcn Grenzgebiet, Georg Thieme, Leipsic, 1931, 244 

® Frank, A S , and Rodionoiv, G , Xatuncissenschaften, 1931, 2, 659 

' Schreiber, J , and Fnednch W , Biochem Z , Berlin, 1930, 227, 336 

■ Locher, G L , PI jS Re~ , 1932, 42, 540 
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As the intensity of the nutogenetic radiation is ertreniely small, 
It will simplify the matter to consider the emission and absorption of 
the mitogenetic radiation from the pomt of view of the quantum 
theory Accordmg to this theory the emission and absorption of 
radiation is a discontinuous phenomenon and, further, there exists 
an “atom of radiation” called quantum, the magnitude of which is 
given by /; X v, where li is a constant and v the frequency of the 
radiation as measured, eg , with a spectrometer m this way Imking 
the wave theory of light with the quantum theory Now, the emis 
Sion from a mitogenetic inductor consists of ultraviolet light “quanta,” 
emitted discontinuously, these quanta fall upon the biological or 
physical detector where thej are absorbed In the biological ma 
tenal, the absorption of a smgle quantum or of an integral number of 
quanta by a smgle ceil is said to produce a mitosis, m the photographic 
plate a photocheimcal reaction will tahe place and in the photoelectnc 
device the emission of a photoelectron will be the result of the ab 
sorption if, for the present, we do not consider the effiaency of these 
processes 

These arcumstances make an estimate both of the intensity of the 
mitogenetic radiation and of the sensitivity of the methods possible 
Begmnmg with the biological method jeast is usually taken as 
detector The diameter of a >east cell is approximately 6 microns 
In a yeast agar culture m which the cells he packed closely together, 
we obtain approximately 30,000 cells per mm * for the top layer of 
cells (we need only to consider the top layer as ultraviolet radiation 
of a wave length of 1800 to 2500 A (this being the wave length of 
the mitogenetic radiation according to Gurwitsch) will not reach 
beyond this layer) The number of budding cells in >east used as 
control IS, accordmg to Gurwitsch, about 10 per cent of the total 
number, i c , m this case 3000 per mm * Half an hour’s exposure to a 
mitogenetic mductor placed m close proximity to the culture may 
gi\e an increase m the number of budding cells of 50 per cent in the 
exposed area, as compared with the control If we assume that eacli 
radiation quantum falling upon the culture is absorbed and furnishes 
the stimulus for the division of one cell we haxc in our example 1500 
quanta per mm ^ per 30 minutes or approximately SO quanta per cm ’ 
per second as the intensity of the radiation coming from the mductor 
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However, not all quanta falling upon the yeast will be absorbed, 
some will be reflected or scattered, not all of those absorbed will giv^c 
the stimulus for a cell division smce, according to their random distri- 
bution, some cells may absorb several quanta or a quantum may be 
absorbed by a cell already m the buddmg state If an efficiency of 
1/10 for this process (and this fraction is probably still too high) is 
assumed, as a lower limit for the intensity of the mitogenetic radia- 
tion an intensity of about 1000 quanta per cm - per second is obtained 
Here the possible mfluence of secondary mitogenetic radiation within 
the irradiated medium has not been taken mto account This must 
be negligible, accordmg to the data available for yeast agar cultures ® 
Frank and Rodionow® estimate the mtensity of the mitogenetic 
radiation to be from 100 to 1000 quanta per cm - per second 

If this value of 1000 quanta per cm" per second is taken as the 
probable intensity of the mitogenetic radiation, this radiation, accord- 
ing to the above example, will produce m 1 mm - of a closely packed 
yeast culture (30,000 cells with 3000 buddmg cells) an mcrease of 1500 
budding cells withm 30 mmutes So great a number of cells cannot 
be counted m a smgle experiment Perhaps 1/10 of this number can be 
counted This would mean, out of 3000 counted cells of the example, 
300 buddmg cells m the control and 150 additional buddmg cells in 
the irradiated sample would be counted It is doubtful whether 
such a findmg has any meanmg at all, as long as little is knoivn about 
the natural fluctuations of buddmg cells withm a yeast culture A 
positive result of a mitogenetic experiment would be obtained only if 
the number of buddmg cells m the experiment were to exceed the 
number of buddmg cells m the control by at least three times the 
mean error obtamed by a series of counts of buddmg cells m a normal 
yeast culture Due to the limitations of the subjective method of 
countmg, one cannot mcrease the sensitivity of the biological method 
by countmg a larger number of cells This could be done only by the 
use of an objective method Gurwitsch'® describes t\\o such methods, 

* Potozk} , A , Biol Zailr , 1930, 60, 712 

® Gumtsch, A , Die mitogenetischc Strahlung, Berlin, Julius Springer, 
1932, 47 

'®Gun\itsch, \ , Die mitogenetische Strahlung, Berlin, Julius Springer, 1932, 
16-18 



TGON LOREN? 


847 


a nephelometnc and mycetocritic one The data given, however, are 
msuffiaent to permit an estimate as to sensitivity and errors 

In order to make a comparison between the biological and physical 
methods as to sensitivity, let us assume that the above example 
gives a reliable posibve result for an intensity of mitogenetic radia 
tion of 1000 quanta per cm per second actmg during 30 minutes 
This interval was arbitrarily chosen as being sufficient to register 
any positive effect and yet msure the activitj of the specimen durmg 
the period of observation 

We proceed now to a discussion of the physical methods and their 
sensitivity 

The simpler of the two methods is the one emplojmg the photo 
graphic plate A just perceptible blackenmg of a sensitive photo 
graphic emulsion is produced by a light energy of 2 X 10’ quanta per 
cm’ ’> As the intensity of the mitogenetic radiation was assumed 
to be 1000 quanta per cm ’ per second, 2 X 10’ quanta would be ob 
tamed in a time of irradiation of 2 X 10’ seconds = 55 hours A time of 
exposure of a photogiapluc plate to mitogenetic radiation of 100 hours 
should produce an easily perceptible blackenmg of a photographic 
plate 

The sensitivity of a photoclectnc cell arrangement can be deter- 
mmed as follows A cell of medium sensitivity will have an effi 
aency'’of approximately 1/1000 for the wave length at its maxunum 
sensitivity, « c , for 1000 impmgmg hght quanta, 1 photoelectron will 
be liberated With a photoeicctnc cell of the customary type con 
nected into circuit with a battery and an electrometer or gtdvanom 
eter, the measurement of currents of the order of magnitude of a 
few electrons per second is extremely difficult Such a measurement, 
however, is made comparatively simple by combming the prmaplc 
of the photoelectric cell with a so called Geiger counter tube Such a 
counter tube consists of a fine wire axial in a metallic cylmder under a 
gas pressure of about 5 cm of Hg By applymg a negative potential 
of approxunately 1500 volts to a metallic cylmder and groundmg the 
wire over a high resistance of the order of magnitude of 10’ ohras^ 

" Geiger, H Handbuch der Physik Berlin Julius Sprmger. 1926 23, 628 

'’Wien, W and Harms, T Handbuch der ExpenmentalphysiL, Lcipsic 
Akademische V erlagsgesellschaft 192S 23 (2), 1205, Table 17 ^ 
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an electron, liberated from the walls of the tube by any kind of radia- 
tion, mil travel toward the mre, producing on its path an ionic cloud 
by impact, resultmg m a relatively strong current impulse through the 
high resistance to ground This current impulse can be recorded 
by a string electrometer or by a suitable amplifier with meclianical 
recorder, as will be shown later To make such a counter sensitive to 
light, the walls of the tube must be made of a photoelectric metal and 
a nindow provided for the impinging light This method was first 
used m testmg for mitogenetic radiation by Rajewsky^, the other 
authors previously mentioned used arrangements of a similar kind 

Takmg the photoelectric efficiency as 1/1000 and assiumng a 30 
mmute exposure to a radiation intensity of 1000 quanta per cm " 
per second we obtain for a window of 1 cm - a liberation of 1800 
photoelectrons m such a tube 

Although the efficiency of the photoelectric process is much smaller 
than that of the biological process m the detector, the sensitivity of 
the photoelectric method is much higher, due to the fact that in the 
biological countmg method use can be made of an irradiated area of a 
fraction of a millimeter only, while in the physical method detecting 
areas of 1 cm - or even more can be employed As will be later dc- 
scnbed, counter tubes with a window area of 6 to 7 cm - were used 
which w'ould increase the number of photoelectrons of the above 
calculations bj'^ a factor of 6 or 7 

To sum up For an assumed intensity of the mitogenetic radiation of 
1000 quanta per cm • per second, — a probable value for the intensity 
established by the experimental data given above — the biological 
method, consisting m counting yeast cells, produces a perceptible 
effect m the detector, the photographic method should give a per- 
ceptible blackening of a photographic plate, and the photoelectric 
method should yield an effect far above the sensitivity threshold of 
that method 

EXPERUfENTS 

After considering and discussing the different methods, the phys- 
ical experiments — photographic as well as photoelectric — which 
were undertaken to study the problem of the existence of mitogenetic 
radiation will now be described 
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The photographic experiments were earned out m the following wa\ Three 
light tight boxes 22 X 15 X 22 cm ncre prepared with a sliding lid m front, to 
the bottom of which metal plate holders were fastened The metal hd of these 
plate holders had an opening of 4 X 5 cm This opening was lined WTth velvet 
Quartz plates 6X8 cm m size 0 5 mm thidk selected as to transparenc> , were 
placed upon the velvet thus effecti\clj sealing the photographic plate against any 
possible chemical influence bv volatile substances from the onions or onion base 
pulp used m the experiments To the center of the quartz plate a c> Under of 
pyrex glass w'as sealed with de KhotmsL> cement the ohnder was 25 mm m 
diameter and 2 cm high in the experiments with omon pulp and 5 cm high m the 
experiments with onion roots The transparency of the quartz was tested spectro- 
scopicallj down to a wave length of 1800A The loss of intcnsitv for this w’avc 
length was not higher than 20 per cent As the distance of the onion base pulp 
or onion roots from the photographic emulsion was not greater than 1 to 2 mm , 
practicallv all radiation emitted b> the biological material into the lower hemi 
sphere was necessanlv absorbed by the photographic emulsion As photographic 
raatenal Eastman Speedway plates were chosen m some of the expenraents thiise 
plates were sensitized by a thin coating of mineral oil (Nujol) to overcome the 
possible objection that the sensitivity of the photographic plate deaeases con 
siderablv for short ultraviolet on account of absorption by the gelatine of (he 
emulsion Onion base pulp w-as prepared from selected ordinar> onions sprouting 
vigorousl> The pulp was changed eveo 2 hours In the case of the experiments 

with onion roots vigorously sprouting omons were chosen wath sprouts of a few 
centimeters in length and plac^ on top of the glass cy Imder partl> filled wnth a 0 1 
per cent solution of KCl Care was taken that a great number of root tips (about 
10 to 20) touched the quartz plate These omons were inspected cvcr> da> and 
replaced ever) 2nd day All operations of changing omon base pulp or onions w cre 
earned out in complete darkness a special device was prov ided insurmg that the 
biological matenal was alwa>'s set at the same place 

Ev ery box was provided with an opening on top and bottom carrj*ing a rubber 
hose through which air was gentlj sucked bv means of an aspirator 

All plates were developed in a hvdrochmonc solution of twice the normal 
strength the sensitizing oil being removed m an ether bath before the develop 
mg process H>drochinone was chosen as it gives verv strong contrasts 

Tabic I gives the expcnmental data of the photographic 
experiments 

AU these plates showed i nthcr strong fogging which, however, 
was identical with that of a control plate taken from the package and 
developed with the same developer for 4 minutes This fogging was 
due to tlic strong concentration of the developer usc<i In spite of the 
fog, any slight difference in density could have been detected Not 
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the shghtest difference m density could be found m any of the six 
plates -which could be attnbuted to an effect from radiation coming 
from the omon pulp or roots 

There are three possible objections to the photographic method 
The first one is the uncertamty as to whether all the biological ma- 
tenal used m the experiments -with onion-base pulp was equally active 
and whether it remamed active durmg the total tune of 2 hours for 
which time every smgle preparation was used However, there is 
little doubt that the onion tips used for Experiments 2 and 4 w'ere 
active 


TABLE I 


No 

i 

Biological material 

Total 
time of 
exposure 

Photographic material 


Remarks 

1 

Onion-base pulp 

hrs 

106 

Eastman Speeds a> 

tntn 

7 

Onions groisn in dark 

2 

Tips of onion roots 

120 

sensitized 

(( U 

4 

Onions grown in day- 

3 

Onion-basc pulp 

106 

i( « 

7 

light 

« <( 

4 

Tips of onion roots 

168 

<( (( 

8 

(( tt 

5 * 

Onion-basc pulp 

184 

Eastman Speedw ay 

3-4 

tt {( 

6* 

i( a 

1 184 

1 

unscnsilizcd 

<( i€ 

3-1 

Onions grown in darl 


* I am \er\ much indebted to Dr C H Binford for carrjnng out these tuo 
c-rpenments 


The second possible objection is that the intensity of the mitogenetic 
radiation in reality is weaker than the estimate previously given 
That this IS improbable has already been pomted out However, 
if it were actually only 3 of the assumed value, it should nevertheless 
ha\ e been detected m the case of the onion root experiments by the 
photographic method 

Finalh , the exponent in Schwarzschild’s law (5 = z X Z'’, where 5 = 
density, 7 = intensity, and / = time of cx-posure) which lies between 
0 9 and 1 1 for different photographic emulsions may have been 
much smaller than 1 for the photographic emulsion used m these 
exjxinments There is nothing known about the value of this ex- 
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ponent for short ultraviolet, ho\\c\er, it is probable because of se\cril 
considerations that it differs but little from 1 Assuming a value of 
0 9 for the e^rponent, the effective time of an experiment lasting ‘^ay 
160 hour» would be reduced to 160°* = P6 hours, an interval whidi 
still should be suffiaent to produce a perceptible bhckcnmg 

Because of negative results, further photographic experiments were 
abandoned, cspeaally as the photoelectric method permits an expen 
mental arrangement the sensitivity of nhich is such that it can detect 
radiation intensities far below the estimated mtensity of the rmtoge 
netic radiation Although by themselves the results of the photo 
graphic experiments are not conclusive, they serve to conoborate the 
more clear cut results obtamed with the photoelectnc method 

The pnnciple of the photoelectnc counter tube has already been explained 
After testing different kinds of counter tubes a tube consisting entirclv of quartz 
nas finally adopted For counter lubes used m cosmic ray work, for instance, an\ 
metal tube with ends sealed by means of rubber stoppers and cement will do, as 
the sensitiviU of the tube is mdependent of the surface properties of the metal and 
of the filling gas However m tubes to be used either for ultraviolet or visible 
radiation work great care has to be taken that the surface conditions of the photo 
electric metal remain imaltered as tune goes on, by chemical changes such as 
oxidation Otherwise considerable changes m sensitiv)t\ wtU occur For this 
reason, the counter tubes used m this work consisted of ihm waUed quartz tubes 
(wall thickness approxiraatel> 1 mm , length 10 cm diameter 2 cm ) oi high 
transparenej for ultraviolet light The transparenc> of the tubes was tested with 
a quartz spectrograph and it was found that absorption in the quartz was negligt 
ble down to 2200 A the limit of the gpcctiograph An area of 6 to 7 enn’ was 
flattened out to serve as window The wireof the tube consisted of tantalum 0 02 
cm diameter and was connected to two thick copper wires held m place b> 2 
quartz capillaries at the end of the tubes These copper leads were sealed vacuum 
tight mto the capiUanes by silver chloride cement Three side tubes were pro- 
vided, one for exhausting purposes one for distiiling in the metal, and a third for 
carT 3 ing a wire cemented in b} sflver dJonde and making contact with the pholo- 
electnc layer The tube was exhausted b> a mercury diffusion pump with liquid 
air trap for 8 to 10 hours heated several times with a blow torch to >cUow heat 
the Wire was degassed for 3 hours bj beating it with a balter> Spectroscopically 
pure cadmium was then distilled into the tube the wire and window were heated 
to remove any cadmium deposit and pure argon was filled in to a pressure of 4 to 
6 cm of Hg Counter tubes prepared this ivay do not show any change m scnsi 
tivity with time 

Although cadmium is not a verv sensitive photoelectric metal, it was neverthe 
less chosen, because its sensitivity rncrcascs rapidly for wave lengths shorter than 
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3100 A, where, according to Gunntsch, the mitogenetic spectrum lies A 
further ad\antage is that visible stra\ hght of longer v,a\e lengths will not affect 
the counter tube, smce the threshold sensitmti of a cadmium counter tube was 
found to he between 3400 and 3500 A Moreover, shielding for \erv small 
amounts of stra> visible hght would have been very difficult inasmuch as the work 
could not be earned out m complete darkness Counter tubes with zinc as photo- 
electric metal were also made They were similar to the cadmium tubes, both in 
sensitmt} and threshold wave length The counter tubes were connected into 
arcuit both wuth an amphfier operating a mechanical counter, and w itli a string 
electrometer provided with a photographic recorder Fig 1 gives the experimen- 
tal arrangements 

The negative pole of a diw cell batterj'^^ of 1500 volts with means for changing 
the tube potential in steps of 1 5 volts and a voltmeter consisting of a microam- 
meter in series with twent\ resistors of 10® ohms each was connected to the cad- 
rmum deposit The axial wire grounded over a resistance of 2 X 10“ ohms*'* was 
connected to the fiber of a string electrometer in which the potential difference of 
the plates was 100 xmlts In this connection it may be stated that the deflection 
of the stnng is approximate!} proportional to the voltage Coupling to the 
amphfier was effected by means of a variable condenser The amplifier had two 
resistance-condenser coupled stages The tube of the last stage was a th} ratron, 
the plate current of which, limited bv means of a resistance to 80 milhamperes,was 
large enough to operate a mechanical counter of the type used for counting tele- 
phone messages The movable arm of this counter carried a small pm, breaking a 
contact switch in the thyratron circuit at the highest position of the arm This 
arrangement is necessar\ since the gnd of the thyratron becomes ineffective the 
moment it has “triggered” the gaseous discharge between cathode and anode 

The photographic recording device used for recording the movements of the 
stnng of the electrometer and stud} ing the character of the discharge consisted of 
an electnc motor drivmg a photographic recording paper through a train of gears 
haxung a variable ratio so as to obtain different recording speeds IMost of the 
experiments with biological matenal as a radiator were counted with the mechani- 
cal counter as well as photographicalI\ recorded The number of counts obtained 
b\ the two methods were identical within a few tenths of 1 per cent 

Since the counter tubes just desenbed are sensitive not onlv to ultraviolet radia- 
tion but also to radiation coming from radioactu e substances m the ground, air, 
and walls of the building, as well as to cosmic radiation, e\er\ counter tube will 
gixe a residual effect, i e ,the apparatus will record a certain number of counts per 
minute due to the electrons liberated b\ these radiations, the number of which 
depends, other things being equal, upon the cross-sectional area of the tube and its 
Eensiti\it% In e\cr\ experiment vath another source of radiation, this back- 


Burgess P L battenes 

*‘ Manufactured b\ the S S White Dental Co , New \ork 
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ground radiation has to be taken into account and its relative intensitj can only 
be found from the difference between the number of counts produced b\ the 
source plus the background radiation and the number of counts of the background 
radiation ■mthm the same interv’al of time As the time dunng vihich a biological 
object acting as a radiator remains abve is relativelv short, it can readily be seen 
that a strong background radiation can mask the effect of a weak additional radia- 
tion On account of its random distnbution it renders the number of counts 
produced b\ it in a given time subject to the statistical error, the magnitude of 
i\hich IS given bv the square root of the total number of counts Therefore, 
the trusti\ orthiness of a measurement of the mtensitv of an additional weak radia- 
tion depends upon the magnitude of this additional effect This wnll be discussed 
later Consequent!} , it is necessarv' to cut dowm as much as possible the effect 
of the background radiation without, at the same time, impainng the sensitivitv 
of the counter tube Tor this reason the counter tube was enclosed m a lead box 
with v\alls of sufficient thickness to surround this tube on all sides vMth 10 cm of 
lead This lead was, of course, selected as to its freedom from radioactiv'e sub- 
stances Mthough a lead shield 10 cm thick cuts out only the softer components 
of the background radiation, nevertheless the shield effected a reduction of approvi- 
mateh 50 per cent in the number of counts from this source 

Expenments wath biological material as a possible source of radiation were 
earned out for the most part as follows First the effect of the background radia- 
tion v\ as measured b} counting the number of counts during a certain time, usually 
30 minutes Then the biological object was placed upon the window, usualh a 
few drops of tap water or distilled water or potassium nitrate solution or an inor- 
ganic serum solution'* were added to preventdrjung out asan air current had to be 
passed through the lead box to prevent the formation of a water film on the quartr 
of the counter tube which w ould hav e acted as a short circuit to ground Sev eral 
tests were made of the biological material used in these expenments as to viabihtv 
before and after the 30 minutes of the expenments In all the tests the tissue w as 
vaablc after the expenments Tinallv the test for the background radiation v^as 
repeated after removmg the biological material 

The number of counts produced bv the counter tubes was, on an av'cragc, 
approximatelv 20 per minute, j c , in half an hour about 600 counts were recorded 
\s alreadv stated, this number is subject to a statistical error = v'COO = ±21 5 
counts The number of counts obtained from another source of radiation added 
to the number of counts of the background radiation is likewnsc subject to a statis 
lical error To obtain an estimate of the weakest possible mtensitv of a source of 
radiation that ve still can measure wnthout involvnng a statistical error large 
c'^o jgh to inv ahdate the result, we shall arbitranlv assume that in the presence of 
a radiator, an increase in the number of counts v hich is twacc the statistical error 
of the numbe- of counts produced bv the background radiation in the same time 


‘^hca- M J and I ogg L C , Pub Ilcallf Rrf> , i S P II S , 19U, 49, 229 
' I am vc'v nuch indebted to Dr L C I ogg who earned out these tests 
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IS an indication of the presence of additional radiation and vre shall call this the 
“minimum effect “ Even then only a senes of obser\'ations, all of vhich show an 
effect of the same order of magmtude, wj! furnish definite proof of the existence 
of an additional effect 600countsper30mjnutesT;\ere,onanaverage,obsened 
as the effect of the background radiation twice the statistical error is 49 counts 
The minimum effect would be observed if the background radiation and the addi 
tional radiation together produce 649 counts per 30 minutes The statistical 
error of the difference of 49 counts would be V600 -f 049 -» 35 6 counts - ±72 
per cent 

These considerations show the importance of cutting down the background 
radiation and of extending the time of duration of an expenment as both factors 
will mcrease the sensitivit> of the arrangement 

From the minimum effect of approxunatelj 50 additional counts in 30 mmutes, 
it IS possible to calculate the theoretical number of light quanta which one should 



be able to detect 50 counts in 30 minutes correspond to 0 0^ counts per second 
The photoelectric effiaencj being of the order of magnitude of 1 1000 0 03 counts 
per second will be produced b> 30 quanta per second that ha\c passed through 
the window The area of the window being approximatcU 6 cim a theoretical 
number of 5 light quanta per CTO per second is obtained which should be detected 
m a senes of expenments This is far below the theoretical minimum mtensiti of 
the mitogenetic radiation 

The experimental calibraUon of the counter tubes was earned out vnth an 
arrangement shown in Fig 2 The monochromator used was manufactured b\ 
Bausch &. Lomb according to the manufacturer, the amount of stni> radiation 
reaching the exit slit being of the order of magnitude of a few tenths of I per cent 
for a silt width of 0 05 mm As sources of light a D c mcrcur> arc lamp an a c 
mercurj arc lamp, and an a c cadmium arc lamp were used The final measure 
merits were earned out with the d c mcrcurj arc lamp A small slit of 2 x 8 mm 
was placed directl> m front of the arc lamp to obtain as source of light an area of 
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the same luminous mtensit% per unit area An image of this slit uas thronn upon 
the entrance slit of the monochromator b\ the t\\o condenser lenses A\essel 
wnth an absorbing matcnal of known densit\ could be placed between these two 
lenses to decrease the mtensit\ Directl\ behind the exit sht a i acuum Coblentz 
thermopile nas placed, mounted in a carrier which could be mo\ed up and down 
so that the thermopile or the counter tube could altcmatch be exposed The 
dnergmg beam emerging from the exit slit was of almost uniform mtensit} and 
well defined cross-section The counter tube was placed at such distance that the 
cross-section of the beam corresponded to the dimensions of the window of the 
tube 

The calibration of the counter tube in quanta per cm - per second was carried 
out in the following wai The intensiti of the Hg line 2536 A was measured 
with the thermopile which was cabbrated in absolute units against a standard 
lamp Then themtensiti of the line was decreased to 1 9 X 10"' of its lalue bj 
putting between the two condenser lenses or between exit sht and counter tube an 
absorption xcssel containing a solution of KjCriO- of known concentration The 
extinction cocfTicicnt of K^CroO? was carefulK determined with the thermopile b> 
using a senes of more dilute solutions of known concentration In addition, checks 
of the \alidit\ of Beer’s law were made, although it could be assumed that Beer’s 
law was valid for the concentration of 8 gm in 10 liters of distilled water used to 
produce the reduction in intensiti gn on above (1 9 X 10®) The law was found 
to be valid within the expenmen tal error After removing the thermopile, this 
weak radiation fell upon the counter tube As the intensitv of this beam is known 
in quanta per cm • per second, the number of counts (difference of background 
counts and background plus radiation counts) now given b\ the counter tube in a 
certain time corresponds to the number of quanta passing through the window in 
this time From this value the minimum effect could be calculated For the 
Hg line 25f6 A, 50 additional counts in 30 minutes arc produced bv an intensity 
of 10 to 15 quanta per cm ® per second falling upon the window of the counter tube 
As the stcepK rising branch of the sensitmt>-wave length curve for cadmium 
extends to still much shorter wave lengths up to the wave length at which the 
absorption in quartz begins to become considerable, it is obvnous that the counter 
tubes wall approach the calculated minimum effect in the region of the wave length 
of the mitogenetic radiation For cadmium, the measured scnsitivitv for the wave 
length 2i00 \ is 1 7 limes that for the wave length 2536 A For these meas- 
urements as V ell as for the biological measurements to be reported later, the volt- 
age on the counter w is raised as high as possible, to obtain highest scnsitiv itv , j c , 
near to the point at which erratic operation of the counter tube begins, due not 
to the incident radiation but to spontaneous discharges within the tube llow- 
c,cr, at the applied voltage the counter tubes vorl normalU for anv length of 
time 1 ! certain precautions arc taken 

ln*e"i'-t’''r il Critical I iblc^, \ci Aork, Mc{>rai Hill Book Co , Inc , 1929, 

C, f'^.Tab’c ' 
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The electrostatic field mthm the counter tubes, due to the arrangement of a 
thin wire m the ans of a conducting c>Iindcr is logarithmic, which means that 
almost the entire potential difference between crhndncal electrode and inre hes 
wathm a narrow region around the axial wire In this region the lomc cloud is 
produced by the photoelcctron released from the wall, and the consequentlj formed 
secondan electrons which charge the wire and produce the impulse which is re- 
corded The high resistance of 10® ohms presents the immediate removal of this 
charge resulting m dirmmshing the potential difference of the electrodes to a value 
for which the potential difference is insufBaent to produce additional ions b\ 
impact Thus the discharge stops the wire discharges which brings the potential 
difference between the electrodes once more to its original value The counter 
tube is then read} for the next discharge It is evident that the wmdow wdl has e 
an influence on this loganthmic field, especiallv as it consists of quartz, the insulat 
mg properbcs of which are very high Durmg the operation of a counter tube 
provided with a wmdow, straj ions will go to the window and produce a change in 
the field around the wire, thus influcncmg the sensitivity (countmg rate) of the 
tube untd an equihbnum is reached The greater the sensitivity of the counter 
tube the more noticeahle is this effect 

During the first senes of experiments in which the counter tube 
was used m the study of mitogenetic radiation, somewhat erratic 
results were obtamed which, nevertheless, seemed to point toward the 
existence of this radiation In the endeavor to exclude any spunous 
effect, experiments were made with substances which could not 
possitily enut any radiation, eg water, and effects consisting in an 
mcreased counting rate were obtamed It was finally found that 
mere touching of the window produced an effect After what has 
been said about the mfluence of the window upon the operation of the 
counter, it seemed obvious that all the effects just noted were produced 
by disturbing the field in the counter tube WTien countmg rales 
were taken from minute to minute, it was found that the effect grad 
ually died off until the equihbnum was again reached In the case 
of biological matenal this might be falsely interpreted as due to grad 
ual loss in viability 

A senes of expenments was undertaken to show the magnitude of 
this spunous effect 

Table II gives data on some of these experiments 

Especially mtcresting are the expenments wath tubes of glass and 
quartz, respectively, closed at one end and partly filled wath water 
Smee these tubes vv ere in contact with only a small part of tlie window , 
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one ^^ould expect a comparatively small effect Both tubes were 
cleaned before placmg them on the wmdow by rubbmg them gently 
vath cheese-cloth Although both tubes vere of the same size, the 
quartz tube produced a much larger effect while tliat of the glass tube 
IS somewhat larger than the statistical error Upon wipmg off the 
tubes wath moist tissue paper, in the case of the quartz tube the effect 
was decreased, while m the case of the glass tube it disappeared 
This shows that the larger effect with the quartz tube w'as due to 
charges on the quartz Due to the high msulatmg power of quartz, 
an electnc charge is easily obtained and can be removed only wath 
difficulty This is true for glass also, but the charge is much smaller 
m this case, as the insulating properties of glass are infenor to those of 


TABLE II 


CourtiEg rate per 
ram fo’unco\erf<] 
madorv 

Material put on mndon 

Counting rate per 
mm forcotered 
window 

15 6 iO 9 

Piece of lead foil, not grounded 

20 9 ±14 

25 6 dbl 6 

Piece of lead foil, grounded 

47 8 ±2 2 

21 5 ±10 

Water, not grounded 

28 2 ±17 

24 7 ±10 

Quartz tube slightl> rubbed 

38 5 ±2 0 

23 0 ±11 

Glass tube shghtl> rubbed 

29 0 ±1 7 

23 5 ±1 5 1 

Glass tube wiped off with moist paper 

26 6 ±16 

22 9 ±1 5 

Quartz tube wiped off with moist paper 

32 6 ±18 


quartz It can be showai by means of an electroscope that quartz, 
once well rubbed, retams its charge for several hours wffien kept in a 
dr> room, while that of glass will disappear m a few minutes Since, 
in experiments for demonstratmg the presence of mitogenetic radia- 
tion b\ putting the biological matenal in both glass and quartz tubes 
in order to show its ultraxaolet nature, tubes will be rubbed clean to 
a^old possible absorption, the effect shown above gives a possible 
explanation of the positue results that ha\e been reported in such 
experiments 

The expenments with metal foil or vater on the window may ex- 
plain \ h\ it IS that some of the m\ estigators who employed photo- 
eketne methods for the demonstration of mitogenetic radiation found 
this r'^diation to be present while others did not In Schrciber and 
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Fnednch’s, as well as in Locher’s cKpenments, the biological matenal 
was not placed directly on the windoiv , there was an air space be 
tween Rajewsky, on the other hand, placed his material on the 
window Frank and Rodionow, so far as can be learned from their 
bnef publication, apparently tetamzed a frog’s muscle by means of an 
mduction coil m front of their window, thus creatmg violent electric 
disturbances which must have influenced the static field of their cell 
The data of an experiment ivith onion roots may be given to show 
how large this spurious effect was m some cases 

September 4 I9SI Omon Root Expenment 


Counter voltage 1600 volts 


1 Background radiation 

903 counts in 40 

22 6/nun ±0 7 

2 Onion roots on window 

2J87 counts in 50 

43 7/nun ±0 9 

3 Chloral hydrate (1 per cent) dropped on 
onion roots 

2962 counts m SO 

59 2/nun ±I 1 

4 Background radution 

9(W counts in 40 

22 6/nun =b0 7 


These effects disappeared after proper shielding of the window was 
effected 

The shieldmg consisted in surroundmg the tube with a grounded 
metallic wall, with an openmg for the wmdow In order to keep the 
wmdow at the same potential durmg the measurement of the back- 
ground radiation as well as durmg measurements with biological 
material, the wmdow was covered with any one of the several liquids 
previously mentioned, which were used m some cases to keep tlie 
biological material moist, and a wire connected the liquid to ground 
Inasmuch as tap w ater or the other liquids are conducting to some 
degree the surface of the wmdow was kept contmuousI> at the same, 
j c , ground potential For the experiments wuth biological material 
the water was removed and enough material put on the window to 
cover It completely 

Another means of preventmg spunous effects would be the placmg 
of the biological matenal at some distance from the wmdow, say J to 2 
cm But this would necessarily result m loss of mtensit> which, if 
possible, has to be avoided 

With this arrangement numerous tests for the presence of mito 
genetic radiation were made 
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The biological matenal tested consisted mainly of omon-base pulp 
and tips of onion roots Mouse sarcoma 180, mouse embiy^o tissue, 
and tetanized frog muscle, all alleged to be evcellent radiators, were 
likewise tested The results of some of the experiments are given m 
Table IH 


TABLE III 

Rcsiills of Some of the Tests 


Biological material 

Time 

Onion-b-ise pulp 


<( <C 


<< it (< 

30 

Mouse embrjo 

30 

t( « 

30 

Onion base pulp 

30 

Mouse embrjo 

30 

Onion root 

40 

4< (( 

40 

iC n 

40 

I rog muscle (tetanized) 

30 

Mou=e sarcoma 

40 

(< << 

40 


No of counts 


Control 

With biological 
object 

Control 

529 

±23 

0 

523 

±23 

0 

534 

±23 

0 

562 

±23 

6 

562 

±23 

6 

516 

±22 

7 

552 

±23 

5 

534 

±23 

0 

497 

±22 

3 

543 

±23 

3 

552 

±23 

5 

515 

±22 

7 

646 

±25 

4 

611 

±24 

7 

617 

±24 

8 

535 

±23 

1 


±22 

S 

527 

±22 

9 

507 

±22 

5 


±22 

7 

543 

-H 

3 

643 

±25 

3 


±2S 

3 

641 

±25 

3 


±31 

3 


±31 

2 

898 

±29 

9 

1112 

db33 

3 


±33 


1159 

±34 

0 

656 

±25 

6 

673 

±25 

9 

669 

±25 

8 


±22 

4 

521 

±22 

8 

624 

±24 

9 

597 

±24 

4 

582 

±24 

1 

625 

±25 

0 


DISCUSSION 

The data given show that no mitogenetic radiation could be de- 
lected If mitogenetic radiation exists at all, its intensity must be 
smaller than the minimum effect as established for the counter tube, 
: f , Its intensity must be smaller than 10 to 15 quanta per cm * per 
second The estimate of intensity, as given at the beginning, gives 
as the smallest — though highly improbable — value approximately 100 
quanta per cm - per second The counter tube would have detected 
such an intensiU Iherefore wc must conclude that there is no 
plnsical proof for the existence of mitogenetic radiation 

Consideration of the energy content of the chemical reactions which, 
according to Gurwitsch,” are responsible for the emission of the mito- 

Gur itJEch, A , Die mitogeneusche Strahlung, Berlin, Julius Springer, 1932, 
4 1 
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genetic radiation and which may be reactions of either oxidation or 
proteolytic or glycolytic character shows that their heat of reacUon is 
msufEaent for the production of ultraviolet radiation of a wave 
length between 1800 and 2500 A The energy necessary to produce 
quanta of a wave length of 2000 A is 142 2 hg cal So far as known 
there is no biological reaction which will produce m a single step a 
heat of reaction greater than approximately 70 kg cal It must cither 
be assumed that there exist unknown reactions of the above tj^pc 
which produce sufficient energy, but m this case the atoms or radicals 
would have to take part m the reaction, or that in the case of reactions 
with insufficient energy, rare smgle processes maj occur which result 
in the production of an ultraviolet quantum corresponding to the 
wave length of imtogenetic radiation There is no physical or physico 
chemical evidence that either of these cases is possible 

SUMMARY 

The intensity of mitogenetic radiation was estimated from data 
given by Gurwitsch 

The sensitivity of the biological method and of the physical meth 
ods were compared 

With onion base pulp and onion roots as mitogenetic inductors, the 
photographic method gave no perceptible blackening for exposures up 
to 184 hours 

A photoelectnc counter tube was described with cadmium as 
photoelectric metal Its sensitivitj was such that a radiation inten 
sity of 10 to IS quanta per cm ’ per second of the Hg hnc 2536 A was 
detectable 

Spunous effects produced by the counter tube were described and 
means for their avoidance given 

A number of different biological materials, all supposed to be excel 
lent mitogenetic radiators, were mv estigatcd by means of the counter 
tube No mitogenetic radiation could be detected 

Addendum— Alter the manuscript was wntten a paper was published bj 
Gray J and Ouellet C Prec Roy Soc London Senes B 193V 114, 1 de 
scnbuig experiments on mitogenetic radiaUon mth a photoelectric Geiger 
counter tube of a sensitmtj of SO quanta per cm * per second at 2500 A which 
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gave no indication of a radiation from fertilized eggs of sea urchms, cu 
active spermatozoa, or of grovnng veast Spurious effects due to cond 
of water v apor or other v olatile substances on the counter tube were c 
and means for their prevention given 



INDEX TO AUTHORS 


A LLISON, J B , and Cole, Wil- 
HAM H Stimulation ol Fuiidu 
lus by hydrochloric and fatty acids 
in fresh water, and by fatty acids, 
imneral acids, and the sodium salts 
of mineral acids m sea water, 

803 

Anson, M L , and Mirsey, A E 
The equilibria between nabve and 
denatured hemoglobm in salicylate 
solutions and the theoretical conse 
quences of the eqmhbnum between 
native and denatured protem, 

390 

— and — The equiUbnum between 

active native trjqism and inactive 
denatured trypsin, 393 

— and — The estimation of active 
native trypsm in the presence of 
mactive denatured tiypsm, 

159 

— and — The estimation of tryp- 
sm with hemoglobm, ISl 

— See Kunitz, Anson, and Noetk 

nop, 365 

Arnold, IVilliam The effect of 
ultraviolet light on photosynthesis, 

135 

— The order of the Blackman reac 

tion m photosynthesis, 145 

— See Stiek, Arnold, and Stan 

NARD, 383 

n ALDWIN, D M See Kedeoer 
and Baldwin, 129, 499 

Baekep, H Albert The effect of 
water content upon the rate of heat 
denaturation of ci>stalhzable egg 
albumin, 21 


Baumberger, J Percy Apparatus 
for the study of redos potential in 
biological systems, 1 

Bunks L R Protoplasmic poten 
tiaisin Halicylts 111 The effects 
' of ammonia, 109 

Bonner, James The action of the 
plant growth hormone, 63 

Boyd, Wiluam C , and Hooker, 
Santord B The influence of the 
molecular weight of antigen on the 
proportion of antibodj to antigen in 
preapitates, 341 

Brooks, J Bound water m muscle 
783 

Bull, Henry B Some methodical 
errors which maj arise in the deter 
mmation of bound water, 83 

^ASTLE, E S The phototropic 
effect of polarized light, 751 

— The physical basis of the positive 
phototropism of Pliycomyces, 

49 

— The refractive indices of whole 

cells, 41 

Code, Doris If See Fenn and 
CoBD, 629 

Cole, M'iluam H See Allison and 
Cole, 803 

■pvAGGS, Ray G , and Halcro 
^ Wardlaw , H S The conv er 
Sion of fat to carbohj dralc m the 
germinating castor bean II The 
combustion respiralorj quotient ns 
determined bj a modified oxjcalo 
nmeter, 303 

Dougherty, J E Sec Kleiber and 
Dougherty, 701 


863 



INDEX 


S(A 


jpDWARDS, TiiONrAS I, Pe\rl, 
^ RA\ifovD and Gould, Sopida A 
The gro^^ th and duration of life of 
CcloSiO cnslafa seedlings at different 
temperatures, 763 

— See Pearl, Edwards, and 
Miner, 6S7 

Emerson, Robert, and Green, Low- 
ell l\Ianometnc measurements 
of photosj nthesis m the marine alga 
Gigartuia, 817 


E'ENX, W \LLACE 0 , and Cobb, 
Doris M The potassium equi- 
hbnum m muscle, 629 

Tifischmann, Walter, and Rand, 
Charles S The influence of mini- 
mal narcotic doses on the respira- 
tion of cr\ throc} tes, 791 


O ATES, r REDERiCK L The ultra- 
Molet absorption spectrum of 
pepsin, 797 

Gerard, R W , and Rubenstein, 
B B note on the respiration of 
I rhacta eggs, 375 

— See Rubenstfin and Gerard, 

()77 

Goddard, Da\'id R See Uber and 
Goddvrd, 577 

Goptner, Ross Aikfn, and Gort- 
NLR, Willis Alwa> The cr^o- 
<copic method for the determina- 
tion of “bound water,” 127 

Gortnfr, Willis Alwat Sec 
Gortner and Gortnfr, 327 
Goild, Sopni\ \ Sec Edwards, 
Pf \pl, and Gould, 763 

C PI 1 N, Low ill Sec Emfpson and 
Grefs, 817 


O \LCR0-W \RDL \W^ H S 
^ce D \GC’^ and Halcro-W^\pd- 
I w 101 

IPciiT ‘'iiir Shlair, “^imon and 
\i''riTP, Co^NiLis D Intermit- 
tent ‘^timuLtion b\ light II The 
rrea^urement cntical fuMon fre- 
rucnc\ fo" the hum'>n eec 

237 


Hecht, Selig, and Verrijp, Cor- 
NELis D Intermittent stimulation 
b\ light III The relation be- 
tween intensity and critical fusion 
frequenc}' for different retinal loca- 
tions, 251 

— and — IV A theoretical inter- 

pretation of the quantitatne data 
of flicker, 269 

— and Wb\LD, George The visual 

acuit} and intensity discrimination 
of Drosophila, 517 

Hersii, a H The time curve of 
facet determination in an ultrabar 
stock of Drosophila mdanogastcr, 

487 

Hill, S E See Osterhout and 
Hill, 87, 99, 105 

Hoagland, Hudson Electrical re- 
sponses from lateral line nerves of 
fishes III, 77 

— W The rcpctitne discharge, 

195 

Hooker, Sanford B See Boyd and 
Hooker, 341 

TACQUES, A G , and Osterhout, 
W^ J V The accumulation of 
electrolytes \T The effect of ex- 
ternal pH, 727 

l^AMERLING, S E Sec Oster- 
HOUT and Kamerling, 507 

— Sec Osterhout, Kamerling, 

andSTANLEX, 445,469 

Kifihfr, M , and Doughfrtx, J E 
The influence of environmental 
temperature on the utiluation of 
food cncrg> in babx chicks, 

701 

Krufgfr, a P, and Baidwin, D 
M The inactivation of bacterio- 
phage bv mercurv bichloride, the 
rcactixation of bichloridc-inactix- 
ated phage, 129 

— and — The reversible inactna- 
tion of bacteriophage b\ bichloride 

I of mcrcur\ , 499 



acthors 


865 


Kunitz, M , Anson, M L , and 
Northrop, John H Molecular 
weight, molecular \olume, and h\ 
dration of proteins in solution, 

56S 

— and Northrop, John H Inacti 
VTtion of crystalline trypsin, 

591 

T ONGSWORTH, lEms G The 

^ theor) of diffusion in cell models, 

211 

Lorenz, Econ Search for mito- 
genetic radiation by means of the 
photoelectric method, 841 

V/fINER, John R See Pearl, 
Edwards, and Miner, 

68 ? 

Mirbly, a E See Anson and Mir 
SKY, 151, 159 393, 399 

Mooney, M Grace See Walker, 
Winslow , and Mooney 349 

Mdrlin, John R The con\ ersion of 
fat to carbohydrate in the germi 
nating castor bean I The re 
spiratory metabolism, 283 

— See Pierce, Sheldon, and Mdr 

LIN, 311 

Murlin, Wiluam R See Murlin 
John R , 283 

■KTORTHROP, John H Absorp 
tion of pepsin bv crystallme pro 
teins, 165 

— Crystalline pepsin VI Inacti 

vation by beta and gamma rays 
from radium and by ultraviolet 
light, 359 

— See Kunitz, Anson, and North 

HOP, 365 

— See Kunitz and Northrop, 

591 

("tSTERHOUT, W J V, and Hill 
S E Anesthesia in acid and 
alhahne solutions, 99 

— and — Anesthesia produced by 

distilled w-ater, 8? 


OSTERHOUT, W J V, and Hill, S E 
Reversible loss of the potassium 
effect m distilled water, 10a 

— and Kasierlino, S E The Unet- 

ics of penetration VIII Tempo- 
rary accumulation, 507 

— , — , and Stanlet, W M The 
lanetics of penetration W Some 
factors affecting penetration, 

445 

— , — , and — \ril Molecular rcr- 
sus ionic transport, 469 

— See Jacques and Osterhout, 

727 


pEARL, Raymond, Edwards, 
A Thomas I and Miner, John R 
The growth of Cucumts inch seed 
lings at (hlfcrent temperatures, 6S7 
— See Edwards, Peirl, and 
Gould, 763 

Pierce, H B , Sheldon Dorothy 
E , and Murlin, John R The 
conversion of fat to carbohvdrate m 
the germinating castor bean III 
The chemical analy sis, and correla 
lion with respiratory exchange, 

311 

Ponder, Eric On Norris’ tlicon 
for the shape of the mammalian 
erythrocyte, 617 


nANT), Charles S 
^ MANN and Rand 


See FLEtsat 
791 


Reiner, L On the relation between 
toxicity, resistance and time of sur 
xixal and on related phenomem 
409 


Rudenstein, B B , and Gerard, R 
W Fertilization and the tempera 
ture coefficients of oxygen consump 
tion in eggs of Arbacia pnnciuhla, 
677 


— Sec Gerard and Rueexstein 
o75 


Rusccroy, IV A H Bhirh “con 
denser theoo " of nenc exatatioii, 
481 



866 


INDEX 


CHEDLOVSKV, Theodore, and 
L'hlig, Herbert H On guaiacol 
Eolulions I The electrical con- 
ductn it> of sodium and potassium 
guaiacolates in guaiacol, 549 

— and — II The distribution of 
sodium and potassium guaiacolates 
bct\\ ecn guaiacol and w ater, 

563 

Sheldon, Dorothy E See Pierce, 
Sheldon, and iMuRLiN, 311 

Shlaer, SniON See Hecht, 
Shlaer, and \^errijp, 237 

Shith, Elizabeth R B Gelatinase 
and the Gates-Gilman-CowgiU 
method of pepsin estimation, 

35 

Stantlet, W M See Osterhout, 
Kamtrling, and Stanley, 

445, 469 

Stannard, J N See Stier, Arnold, 
and StvVNN/VRD, 383 

Stier, T J B , Arnold, William, 
and Stannard, J N A photo- 
electric densitometer for use with 
suspensions, 383 

TIBER, Ered , and Goddvrd, 
^ Damd R Influence of death 


critena on theX-ra\ survi\ al cur\ es 
of the fungus, Neurospora, 

577 

Uhltg, Herbert H See Shedlo\- 
skY and Uhlig, 549, 563 

VTERRIJP, CoRNFLis D See 
^ Hecht, Shlaer, and Verrijr, 

237 

— See Heqit and Verrijr, 

251, 269 

TX/ALD, George See Hecht 
and Wald, 517 

Walrer, H H , Winslow, C -E A , 
and Mooney, M Grace Bac- 
terial cell metabolism under ana- 
erobic conditions, 349 

Watkeys, Jean I) See Murlin, 
John R , 283 

Winslow, C -E A See Walker, 
Winslow, and Mooney, 349 

Wole, Ernst Critical frequency of 
flicker as a function of intensity of 
illummation for the eye of the bee, 

7 

Wright, Charles I The diffusion 
of carbon dioxide in tissues, 

657 



INDEX TO SUBJECTS 


A CID, hydrochlonc, stimulation 
of Fundidtis in fresh water, 

803 

— solutions, anesthesia in, 99 
Acids, fatty, stimulation of Fwtdultis 

m fresh water, 803 

— , — , FunduUis m sea vi,*ater, 

803 

— , mineral, sodium salts, stimulation 
of FunduUts m sea water, 803 
— , — stimulation of Fundtdiis in 
sea water, 803 

Albumin, egg, crystalUzable, heat 
denaturation, effect of water con- 
tent upon rate 21 

Alga, marine, Gigartina, manometnc 
measurements of photosynthesis, 

817 

Alkaline solutions, anesthesia m 

99 

Ammonia, effects on protoplasmic 
potentials m Hahcyslis, 109 
Anaerofaiosis, bactenal ceil metabo 
Iism under conditions of, 349 
Anesthesia m acid solutions, 99 

alkaline solutions, 99 

^ produced by distilled water, 

87 

Antibody, proportion to antigen m 
precipitates mfiuence of molecular 
V, eight of antigen 341 

Antigen, molcciUar weight, influence 
on proportion of antibody to anti 
gen in precipitates, 341 

— , proportion to antibody in pre 
cipitates, influence of molecular 
weight of antigen, 341 

/Iriacia eggs, respiration 375 

— pwicifdala, fertilization and tern 

perature coeffiaents of otj gen con^ 
sumption, ' 


677 


nACTERIAL cell metabolism under 
•*-' anaerobic conditions, 349 

Bactenophage, inactivated by mer 
cury bichlonde, reactu'ation, 

129, 499 

Bean, castor, gerromating, conversion 
of fat to carbohydrate, 

28^, 303, 311 
Bee, eye, cntical frequency of flicker 
ns function of mtensitv of illumina 
tion, 7 

Biological systems, apparatus for 
study of redox potential, I 

Blackman reaction, order jn photo- 
synthesis, 145 

Blair’s condenser theory of nerve 
excitation, 481 

(^ARBOHYDIUTE, conversion of 
^ fat to, in germinating castor 
bean, 283, 303, 311 

Carbon dioxide diffusion in tissues, 

657 

Castor bean See Bean 
Cell, bactenal, metabolism, under 
anaerobic conditions 349 

— models, theory' of diffusion, 

2II 

Cells, whole, refractive indices 

41 

Celosta crislala scedlmgs, growth and 
duration of life at different tem 
peratures, 763 

Condenser theory, Blair’s, of nerve 
excitation 481 

Conductivity clectncal, of sodium 
and potassium guaiacohlcs m 
guaiacol 549 

Cowgill Gilman Gates method of pep 
sm estimation, and ^ ' 


867 



m 


INDEX 


Cnoscopic method for determination 
of bound vater, 327 

Ckcuiuis mclo seedlings, gro%\th at 
different temperatures, 687 

■J^ L \TH cntena influence on X-ra\ 
^ sur\n\al curves of fungus, Xcuro- 
'ipora, 577 

Densitometer, photoelectric, for use 
\ ith suspensions, 383 

Diffusion in cell models, theorv, 

211 

Drosophila, inclaiiogaslcr, ultrabar 
stock, time curve of facet determin- 
ation, 487 

— , visual acuitj and intensitj 
discrimination, 517 

rpGG albumin, crvstalh7ablc, heat 
^ denaturation, effect of water con- 
tent upon rate, 21 

Egg*:, Irbacta punctulata, fertilization 
and temperature coefficients of 
O'?}, gen consumption, 677 

— , — , respiration, 375 

Llectncal conductiv it> of sodium 
and potassium guaiacolatcs in 
guaiacol, 549 

— responses from lateral line nerves 

of fishes, 77 

lateral line nerves of fishes, 

rcpctitiv e discharge, 195 

I Icctroh tes, accumulation, 727 
Energv, food, in babv chicks, influ- 
ence of environmental temperature 
on utiliz^-’lion, 701 

Ln throev te, mammalian, shape, 
\orri-’ theorv , 617 

— respiration, influence of minimal 

narcotic doses, 791 

1 ■'Citition nerve, Bhir s condenser 
thcor 4S1 

I c ie;e critical frequenev of fliclcr 
as lunciion of intcnsitv of illumina- 

7 I 

nt'isurcn,cnt of critical i 


n 

us o 1 irtf uc ’C’ 


'.n 


PACET determination in iiltrabar 
stock of Drosophila inclano^astcr, 
time curve, 487 

Eat, conversion to carbohydrate in 
germinating castor bean, 

283, 301 ^11 
Fatty acids, stimulation of Fituduliis 
in fresh water, 803 

, Fund ulus m sea water, 

803 

Fertilization and temperature co- 
efficients of ovygen consumption 
m eggs of >\rbacia puuciulaia, 

677 

Fishes, lateral line nerves, electrical 
responses from, 77 

— , , electneal responses 

from, repetitive discharge, 

195 

Food energv' in baby chicks, influ- 
ence of environmental temperature 
on utiIiz,ation, 701 

Fowl, influence of envnronmenlal tem- 
perature on utilization of food 

energy in bab> chicks, 701 

Ftinduliis, stimulation bj fatty acids 
in fresh water, S03 

— , fatty acids in sea water, 

803 

— , hvdrochlonc acid m fresh 

water, 803 

— , mineral acids in sea water, 

m3 

— , sodium salts of mineral 

acids in sea water, 803 

Fungus, \curospora, influence of 
death criteria on X-ray surviv'al 
curves, 577 

p >VTi:S-GTLM -VX-COWGILL 
method of pepsin estimation, 
and gclatinasc, 33 

Gclatina'^c and Galcs-Gilman-Cov - 
gill method of pepsin estimation, 

35 

Germination, conversion of fat to 
carbohvdratc in castor bean, 

283, 303, 31 1 



SUBJECTS 


869 


Gigarttna, manometnc measurements 
of photosynthesis, 817 

Gilman CowgiU Gates method of pep- 
sin estimation, and gelatmase, 

35 

Growth hormone, plant, action, 

6 ^ 

Guaiacol, electrical conductivity of 
sodium and potassium guaiacolates 
in, 549 

— solutions, 549, 565 

— and water, distribution of sodium 

anii potassium guaiacohtes ho 
tween, 565 

UALICYSTIS protoplasmic po- 
^ tentials, 109 

Heat denaturation of crystalUzable 
egg albunun, effect of ^s'ater con 
tent upon rate, 21 

Hemoglobin, denatured and native 
m salicylate solutions, equilibnti 
between, and theoretical conse 
quences of equilibrium between 
native and denatured protein, 

m 

— , estimation of tiy^isin, 15X 

— , native and denatured, in sahcylate 
solutions, equilibria between, and 
theoretical consequences of equi 
libnum between native and de 
natured protem, 399 

Hormone, plant growth, action, 

63 

Hjdration of proteins in solution, 
363 

Hydrochloric acid, stimulation of 
Fumhilus m fresh water, 803 
Hydrogen ion concentration, external 
effect on accumulation of electro- 
l>'tes, 727 

TO?4IC versus molecular transport 
m penetration, 469 


T IGHT, intermittent, stimulation 
^ b>, measurement of critical fusion 
frequenc> for human e>e, 237 

— , — , , relation between m 

tensity and critical fusion fro 
quency for different rctmal loca 
tions, 251 

— , — , theoretical mterprcla 

tion of quantitatue data of flicker, 

269 

— , polarized, pholotropic effect, 

751 

— , ahsorptian spectrum 

of pepsin, 797 

— , — effect on photosjnthesis 

135 

— , — , maclivalmg ciwstalline pep^ 
sin, o59 

X/TAJMMALIAN cr> throev te shape, 
Noms theory, 617 

Manometnc measurements of photo- 
synthesis m manne alga Gtgarluia, 

817 

Manne alga Gtgarhna, manometnc 
measurements of pholos>Tithesis 

817 

Mercunc chlonde inacti^tited bac 
tenophage reacUviUon, 

129, 499 

Metabolism, baclcnal cell under 
anaerobic conditions, 349 

— respiratory germinating castor 
bean, con\ersion of fat to carbo- 
h\dnite, 283 

Mineral acids sodium salts stimula 
uon of FivuJuhis in sea water, 

803 

stimulation of Fundulus m 

sea water 803 

Mitogeneuc radiation, search for b> 
means of pholoclectnc method 

843 


^IKETICS of penetration. 


44a, 469 


, temporarj accumulation, 

507 


Molecular -ers^is ionic lran$pon^;n 
penetracian, 

— \oIume of p*x)teins in 



S70 


INDEX 


Molecular weight of antigen, influence 
on proportion of antibody to antigen 
m precipitates, 341 

proteins in solution, 

365 

Muscle, bound water, 783 

— , potassium equilibrium, 629 


■KJARCOTIC doses, minimal, influ- 
ence on respiration of erj’thro- 
c> tes, 791 

Nen'e excitation, Blair’s condenser 
theory, 481 

Nerxes, lateral Ime, of fishes, electn- 
cal responses from, 77 

— , , of fishes, electrical re- 

sponses from, repetitive discharge, 

195 

Xctirospora, influence of death cri- 
teria on X-rax surx ix^al curves, 

577 

Xoms’ theorj' for shape of mammal- 
ian erx throcx te, 617 


QXIDATION-REDUCTION po- 
tential m biological systems, 
apparatus, . 1 

Oxycalonmeler, modified, determina- 
tion of combustion respirator}^ quo- 
tient of germinating castor bean, 

303 

OxAgen consumption m eggs of Arba- 
cia puncUilata, temperature co- 
efficients, and fertilization, 

677 


DEXETR^VTIOX, kinetics, 

^ 445, 469 

— , — , temporarx accumulation, 

507 

Pepsin absorption bx crxstalline pro- 
teins, 165 

— , crxstallme, 359 

— estimation, Gates-Gilman-Coxx- 
gill method, and gelatinase, 

35 

— , ultraxaolet absorption spectrum, 

797 


Photoelectric densitometer for use 
with suspensions, 383 

— method, used in search for mito- 
genetic radiation, 843 

Photos} nthesis, eflfect of ullraxnolet 
light, 135 

— in manne alga Gigartim, niano- 

metric measurements, 817 

— , order of Blackman reaction, 

145 

Phototropic effect of polanzed light, 

751 

Phototropism, positive, of Phyco- 
myccs, physical basis, 49 

Phycomyces, positive phototropism, 
physical basis, 49 

Plant groxxth hormone, action, 

6i 

Polanzed light, phototropic effect, 

751 

Potassium effect m distilled xxater, 
reversible loss, 105 

— equilibrium in muscle, 629 

— and sodium guaiacolates, distri- 
bution betxxeen guaiacol and xvater, 

563 

, electrical conductivit} 

in guaiacol, 549 

Potential, redox, in biological sys- 
tems, apparatus, 1 

Potentials, protoplasmic, in llalt- 
cyslis, 109 

Protem, denatured and native, theo- 
retical consequences of equilibnum 
betxx'een, 399 

— , native and denatured, theoretical 
consequences of equilibnum be- 
txx een, 399 

Protems, cr}'stalline, absorption of 
pepsm, 165 

— in solution, hydration, 365 

, molecular volume, 

365 

, — weight, 365 

Protoplasmic potentials in Ilalicytis^ 



SUBJECTS 


871 


"D ADIAHON, mitogenetic, search 
for by means of photoelectric 
method, 843 

Radium, beta and gamma rays, in- 
activatmg crystallme pepsm, 

359 

Rays, beta and gamma, from radium, 
inactivatmg crjstaliine pepsin, 

359 

Reaction, Blackman, order m photo 
synthesis, 145 

Redot See Oxidation, Reduction 
Reduction oxidation potential m 
biological systems, apparatus, 

1 

Resistance, toxiaty, and time of 
survival, relation between, and 
related phenomena, 409 

Respiration, eggs, 375 

— , erythrocyte, influence of mmiraal 
narcotic doses, 791 

Respiratory exchange, germmaung 
castor bean, correlation of chem 
ical analysis, 311 

— metabolism, gennmating castor 

bean, conversion of fat to carbo 
hydrate, 283 

— quotient, combustion, germmatmg 

castor bean, detenmned by modi 
fled oxycalonmeter, 303 

Retma, relation between mtensity 
and cntical fusion frequency for 
different locations of, m mter 
mittent stimulation by light, 

251 

Roentgen rays SeeXt&y 

QALTCYLATE solutions equihbna 
^ between native and denatured 
hemoglobm in, and theoretical con 
sequences of equihbnum between 
native and denatured protein, 

399 

Salts, sodium, of mmeral acids, sUmu 
lation of Funduliis m sea water, 

803 

Seedlmgs, Celosta crtstata, growth and 
duration of life at difierent tem ! 
peratures, 763 ' 


Seedlmgs, Cucumts vielo, growth at 
different temperatures, 687 

Sochum and potassium guaiacolates, 
distribution between guaiacol and 
water, 563 

, electncal conductivity in 

guaiacol, 549 

— salts of mmeral acids, stimulation 
of Fittiduhts in sea water, 803 

Spectrum, ultraviolet absorption, of 
pepsm, 797 

Stimulation, intermittent, by hght, 
measurement of cntical fusion fre 
quency for human eye, 237 

— , — , , relation between in- 

tensity and cntical fusion fre- 
quency for different retinal loca- 
tions, 251 

— , — , , theoretical mterpreta 

tion of Quantitative data of flicker, 
269 

— of FunduUis by fatty acids m fresh 

water, 803 

by fatly acids m sea water, 

803 

by hydrochlonc acid m fresh 

water, 803 

by mineral acids m sea 

water, 803 

by sodium salts of mmeral 

acids m sea water, 803 


npEMPERATURE 
nf oxvpen consul 


coefEaents 

of oxygen consumption in eggs 
of Arbacuz punctulata, and fertili 
ration, 677 

— , Cwimis melo seedling growth, 
effect on, of, 687 

effect on growth and duration of 
life of Celosta crtslata seedlmgs, 


— , environmental, influence on utili 
zauon of food energy in baby 
chicks 701 

Tissues, diffusion of carbon dionde 
657 

Toxicity, resistance, and time of 
survnvral, relation between **-and 
related phenomena, ' 



S72 


INDEX 


Trvpsin, actnc natne, estimation in 
presence of mactne denatured, 

159 

— , and mactne denatured, 

equilibrium between, 393 

— , crystalline, inactnation, 

591 

— , estimation with hemoglobin, 

151 

— ■, inactive denatured and active 
name, equilibrium between, 

393 

— , , estimation of active native 

try psin m presence of, 159 

’|MLTRA.\’'IOLET absorption spec- 
trum of pepsin, 797 

— light, elTect on photosynthesis, 

135 

— — , inactuating crystalline pep- 
sin, 359 


'^/'ISION, acuity, and intensity dis- 
crimination of Drosophila, 

517 


■VX/ATER, bound, determined by 
cry oscopic method, 327 

— , — , m muscle, 783 

— , — , methodical errors arising in 
determination, 83 

— content, cry'stalhzable egg albu- 

min, effect upon rate of heat de- 
naturation, 21 

— , distilled, producing anesthesia, 

87 

— , — , reversible loss of potassium 
effect, 105 

— , fresh, stimulation of Finidjihis by 
fatty acids in, 803 

— , — , Fmdulus by' liy'dro- 

chlonc acid in, 803 

— and guaiacol, distnbution of 

sodium and potassium guaiacolates 
between, 563 

— , sea, stimulation of Finiduhts by 
fatty acids in, 803 

— j — j Fimdulus by mineral 

acids in, 803 

— > — > Fitndulus by sodium 

salts of mineral acids in, 803 

V-RAY survival curves of fungus, 
Ncurospora, influence of death 
criteria, 577 






KOBERI L STARUEY 


339 


ous reactions assoaated with reduction of carbon dioxide, grorvth, 
respiration, and other metabolic processes (5) 

The reaction for Th ttmelltts may be expressed as follows 

Na,Srf3. + HiO + 2 0i = NaiSO, + H,SO, + 211 1 Cal (S) 

(I X 255 9) (1 X 68 4) (1 X 328 1) (1 X 207 2) 

For 1 gra atom (32 gm ) of sulfur in thiosulfate, 105 6 Cal are 
liberated The trsnsSormation of 1 gtn molecule of COj with HiO to 
glucose requires 112 2 Cal The assimilation of 12 gm of carbon 
(1 gm atom) requires the oxidation of 56 tunes as much thiosulfate 
sulfur (see Table V) or 672 gm This amount of sulfur liberates 

(672 + 32) 105 6 = 2217 6 Cal 

Of this, only 112 2 Cal are accounted for in the orgamc carbon of the 
cells, therefore (112 2 — 2217 6) 100 = 51 per cent of the aiailable 
energy is utilized 

These results are quite similar to those obtamed with T/i tho 
oxtdans dunng development upon thiosulfate (25) The sulfur carbon 
ratio for this bacterium averages 52 1 during development upon 1 
per cent thiosulfate and 5 4 per cent of the total energy available was 
calculated as havmg been used in synthesis of cell substance 

The reaction of Th thopanis may be stated 

5 Na&Oi + HiO + 4 O, = 5 NiiSO, + H.SO. + 4S + 500 3CaI (6) 
(5 X 255 9) (1 X 68 4) (5 X 328 2) (1 X 207 2) 

For 1 gm atom of sulfur 50 0 Cal are liberated Using the sulfur 
carbon ratio of 127 1, the energy utilized for cell synthesis is calcu 
lated to be 4 7 per cent, a value very dose to those obtained for Th 
novelhis and Th thtooxulans 

The results of Jacobsen with Th thtopams oxidizing sulfur to sul 
fate show much the same assimilation of carbon per umt of energy 
available (12) Averagmg his data from the fresh water and salt 
water strains of the bactenum, the sulfur carbon ratio is 41 1 1 
Upon further calculation, using Reaction 2 of Table VH as typifying 
the transformation, the orgamc matter in cell substance accounts for 
5 2 per cent of the energy which was liberated The culture of Th 
dcminficaiis used by Lieske appears to be much more effiaent (IS) 



